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DEVELOPMENT OF AN OPTRODE FOR 
CHARACTERIZATION OF TISSUE OPTICAL PROPERTIES AT THE 
NEURAL TISSUE-ELECTRODE INTERFACE 
CARLOS ALEJANDRO SEGURA 
 
ABSTRACT 
 The use of implantable neural probes has become common, both for stimulation 
and recording, and their applications range from chronic pain treatment to 
implementation of brain machine interfaces (BMI). Studies have shown that signal 
quality of implanted electrodes decays over time mainly due to the immune response. 
Characterization of the tissue-electrode interface is critical for better understanding of the 
physiological dynamics and potential performance improvement of the electrode itself 
and its task. This work describes the fabrication of an implantable electrode with optical 
measurement capabilities for providing means to characterize the tissue-electrode 
interface using optical spectroscopy. The electrode has a set of waveguides embedded in 
its shanks, which are used to inject white light into tissue and then collect the light 
reflected from the tissue surrounding the shanks. The collected light was analyzed with a 
spectrometer and the spectra processed to detect changes in optical properties, 
information that allows to track physiological changes. It is believed that the immune 
response can be correlated to changes in scattering as more cells are recruited to the 
injury site. The increased cell density in local injury/implantation sites increases the 
amount of scattering due to the increased number of cell nuclei and membranes that light 
encounters in its path. Investigation of scattering and absorption coefficients in such 
	  	   viii	  
interface and their change over time can provide useful data for modeling and 
determining physiological parameters like blood oxygenation while the actual shape of 
the acquired spectra might highlight particular phenomena that can be indicative of 
scaring process or hemorrhaging. Validation of this system was done using optical 
phantoms based on polystyrene spheres and solutions with various concentrations of fat 
emulsion, which yielded scattering coefficients similar to those of brain tissue. Results 
suggest that the developed optrodes are able to detect differences between samples with 
different scattering coefficients.  
Improvements of fabrication process are discussed based on experimental results and 
future work includes attempting to perform fluorescence measurements of voltage 
reporters for optogenetic applications. The ultimate goal of this project was to create a 
novel device that is capable of satisfying the unmet need of tissue characterization at the 
implanted electrode interface as well as a tool for the optogenetics field suitable for 
greater depths than those a microscope can achieve. 
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CHAPTER 1 - INTRODUCTION 
1.1 MOTIVATION 
 It is estimated that approximately 1.9% of the United States population suffers 
from some form of functional paralysis [1] and that one out of every 200 people has had 
an amputation [2]. Globally, around 16% of the total population suffers from some sort of 
neurological disorder [3]. The use of neural implants has become common, both for 
stimulation and recording, and their applications range from chronic pain treatment to 
implementation of brain-machine interfaces (BMIs). Pilot studies in humans have shown 
the ability and potential of BMI systems to improve the quality of life of 
physically/neurologically-impaired patients by enhancing or restoring their motor or 
communication capabilities [4-6]. 
The key element of a BMI is the interfacing part, namely the electrodes used to 
write/read information to and from the brain. The most widely used interfaces for current 
BMI development are the implantable microelectrode arrays (MEAs). These electrodes 
can record brain activity, in some cases, from single neurons thus providing the ability to 
concentrate much of the available computing power to decoding of signals rather than to 
signal conditioning (discrimination of contribution from different neurons/areas). 
Although the signals collected from neural implants are the best for control interfaces, 
many studies have obtained varying results in viability and signal quality of implanted 
electrodes over time [7-12]. It is believed that the variability in these results is mainly due 
to the various degrees of immune response around the electrode at the implant sites. This 
response is characterized by signal deterioration, attenuation, and general decay caused 
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by scar formation, cell migration or death, hemorrhaging, and a chronic formation of an 
insulative sheath of astrocytes and microglia. Such response depends on a number of 
factors that range from the insertion technique used to implant the device to the material, 
surface roughness, and even geometry of the device itself [13-22]. 
The device developed in this work consists of an implantable four-shank probe 
with similar geometry to current neural implants. Each shank has embedded waveguides 
for light transport besides the conventional electrical recording sites. Light is delivered 
and collected by the waveguides to be analyzed via optical spectroscopy, which serves as 
the main tool for tissue characterization at the implant-electrode interface, while electrical 
measurements can be used to confirm and correlate to a particular state of the tissue 
response. The light delivery and collection capability of this device may also make it 
useful for performing fluorescence measurements. Although not implemented in this 
work, the setup for these measurements is basically the same as in regular fluorescence 
microscopy but the tissue interrogation reaches as far as the shanks go, making this a 
valuable tool for optogenetic experiments. 
There are currently no known devices or techniques that attempt to characterize 
the tissue-electrode interface by optical means. This task is critical for improvement of 
BMI systems so as to better understand the mechanisms of signal degradation and 
therefore account for such problem in the design of the next generation of implantable 
electrodes. This work describes the first steps taken towards solving this problem and 
provides a detailed description of the development and validation of an implantable 
optrode device as well as a discussion of useful applications. Optical spectroscopy was 
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used here for tracking changes in the scattering properties of tissue phantoms, which can 
consequently serve to deduct the progress of the immune response in a relevant site of 
real tissue. The hypothesis here is that a higher local cell density exists at an implantation 
(injury) site, which correlates to a change in the tissue optical properties at such site, both 
in absorption and scattering, due to the increased amount of cell bodies in the vicinity. 
Given that time-dependent changes in vivo are of tremendous value for many scientific 
fields, the intention of this work is to provide a tool that could help in developing better 
electrode interfaces for BMIs as well as to support the research efforts aimed to 
understanding how the brain works, all of this to ultimately improve the quality of life of 
neurologically and physically impaired people. 
1.2 SPECIFIC AIMS 
 The main goal of this work is to develop a device that can become a tool for 
scientists and engineers to investigate and create better interfaces for BMIs as well as to 
better understand how the brain works. This includes 1) the design and fabrication of an 
optrode device and 2) its validation using optical phantoms to test its ability to detect 
changes or differences in the optical properties of a medium. Both of these goals 
constitute a specific aim. 
1.2.1 Aim #1: Design and Fabricate a Multifunctional Optrode 
The optrode device subject of this research consists of a four-shank probe in 
Michigan-style geometry with electrode sites near the tips of the shanks [58]. Its design 
also includes a set of embedded optical waveguides, one on each of two contiguous 
shanks and a U-shaped waveguide to act as a calibration loop. The waveguides embedded 
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in the shanks run through most of the length of the shanks and are terminated near the tip 
of their shank, which makes them run parallel to each other. This configuration allows the 
acquisition of optical data in reflectance mode, which is mostly sensitive to scattering 
changes at small source-detector separations (below 0.5 mm) [59]. White light is injected 
into one of the waveguides, then it interacts with the tissue and a fraction of diffusely 
reflected light is later collected by the waveguide on the contiguous shank to finally be 
analyzed by a spectrometer. The spectral features as well as the optical attenuation of the 
collected light are useful to detect the changes in tissue properties and thus characterize 
the tissue/probe interface. 
The optrode devices were fabricated using standard micro-fabrication methods. It 
all starts with silicon (Si) wafers of 100 mm in diameter, polished only in one side. The 
electrode traces and pads were fabricated using sputtering and liftoff processes while the 
optical waveguides were made using photolithography. The full wafers, which contain 
about 120 devices per wafer, were processed on their backside (non-polished side) using 
deep reactive ion etching (DRIE) to obtain individual optrodes (release process). A fully 
assembled optrode consists of a released device glued to a mechanical transfer (MT) 
optical connector whose ports align with the facets of each waveguide structure in the 
main body of the probe. The MT connector is also glued to a small printed circuit board 
(PCB), which serves as substrate for the assembly as well as to interface the electrical 
pads on the probe with a larger connector. The probe is connected to the PCB by wire 
bonding each electrical pad to a dedicated pad and trace on the PCB, which are then 
routed to the terminals of a bigger connector. 
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1.2.2 Aim #2: Validate Optrode Using Optical Phantoms 
 Optical measurements were taken on liquid phantoms for validating the ability of 
the optrode devices to detect a difference in optical properties, particularly scattering. The 
phantoms consist of varying concentrations of polystyrene (PS) beads of 1µm in diameter 
in de-ionized (DI) water solution. A Mie scattering MATLAB code was used to generate 
a spreadsheet containing volumetric proportions of water and microbead suspension to 
produce desired values of scattering coefficient.  
Another set of liquid phantoms was made using a soybean oil-based fat emulsion 
(Intralipid®) by preparing samples with varying concentrations of Intralipid in DI water. 
An optrode device was inserted into several phantoms with different scattering 
coefficients, then the spectral data was analyzed, and its sensitivity to scattering change 
detection was calculated up to where no statistical significant difference was perceived 
between spectra from two different samples.  
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CHAPTER 2 – BACKGROUND 
2.1 TISSUE CHARACTERIZATION TECHNIQUES 
 There are a number of tissue characterization techniques that are relevant to this 
work and have proven useful for distinct applications. These techniques include 
fluorescence microscopy [23, 24], electrical bioimpedance spectroscopy [25-27], and a 
variety of optical spectroscopy techniques such as diffuse reflectance spectroscopy [28], 
differential path-length spectroscopy [29], low-coherence enhanced backscattering 
spectroscopy [30], and Multiwavelength Transmission Spectroscopy [31], to mention a 
few. 
Fluorescence microscopy has been a prominent tool in biology and medical fields 
for many years. It enables scientists to see, image, and track biological processes and 
therefore can be used for qualitative tissue characterization. A recent study reported an 
attempt to evaluate the blood-brain barrier (BBB) leakage during the foreign body 
response to an implanted electrode [23]. Another study using two-photon microscopy 
proved that it is possible to image neurons in vivo in multiple cortical layers down to 
layer V by using microprisms [24]. Although these successful tissue characterization 
efforts are related to the subject of this work, microscopy techniques lack the ability to 
provide quantifiable tissue properties (absorption/scattering coefficients) besides the fact 
that it requires a higher invasiveness degree due to the necessary windowing in the skull 
for optical access to cortical tissue. 
Bioimpedance spectroscopy is another tissue characterization technique that has 
been used for investigation of brain damage [25] while its non-invasiveness makes it 
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attractive but results in poor resolution and specificity. Other studies have used 
impedance spectroscopy to monitor tissue response to implanted structures using the 
same implanted electrodes for this purpose [26, 27]. The information gathered from these 
techniques is qualitative and does not provide concrete tissue properties from 
measurements other than its impedance. 
Optical spectroscopy techniques have greatly evolved over the past decade; their 
use has been implemented for diagnostic purposes as well as a research and development 
tool for various tissue characterization applications. A variety of combinations of 
reflectance and transmission optical spectroscopy along with a vast amount of processing 
and modeling techniques have proven the determination of tissue properties viable and 
thus made the early detection of cancer and other physiological conditions possible based 
on the growing knowledge of tissue-light interactions. The main drawback of these 
techniques is the lack of penetration depth into the interrogated tissues, which is 
determined both by the amount and nature of scattering and absorbing molecules. 
 
2.2 EXISTING OPTRODES 
 Although the optrode concept is not new, the application discussed here, 
involving optical excitation and collection, has not yet been demonstrated. Multi-
waveguide optrodes have been proved by Zorzos et al [60] only to deliver light to 
multiple sites (shown in Figure 1) but not for delivery and collection of light, as proposed 
in this work. 
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Figure 1: Multi-waveguide optical probe for light delivery to multiple sites (adapted from 
Zorzos et al [60]). 
 
Some studies have demonstrated the use of optrodes to deliver light to opsin-
expressing neural networks while taking electrical recordings of such networks to prove 
that neuron firing can be modulated by shining certain wavelengths to a genetically 
modified set of neurons [32, 33, 42]. An example of this kind of probes is shown in 
Figure 2. 
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Figure 2: Optrode for optical stimulation and electrical recording (adapted from Cho et al 
[42]). 
 
Other optrodes have been made with not only electrical and optical capabilities, 
but also with microfluidic channels to deliver drugs or gene therapy directly to the 
implant site [34, 35] (see example in Figure 3). All optrodes, including the ones subject 
of this work, share the ability to deliver light to localized deep brain areas but the device 
described in this work has the extra capability to collect the reflected light for further 
analysis to enable the deduction of local optical tissue properties. 
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Figure 3: Optrode example including microfluidic channel (adapted from Kobayashi et al 
[35]). 
 
Another multifunctional optrode with similar characteristics of the one described 
in this work delivers light to deep brain areas via micro-light emitting diodes (µLEDs), 
and can also detect light from a collocated micro-photo detector (µPD), and a 
temperature sensor, all embedded in the shank of the probe [36] (see Figure 4). This 
probe has potentially the same capabilities to perform the kind of measurements proposed 
in this work but the main difference between the two approaches is that the probe 
proposed here requires the light source and detector to be external, which makes the 
probe itself more flexible to various applications (i.e. optical spectroscopy, fluorescence 
	  	  
11	  
measurements, optogenetics) while having the source and detector on the probe restricts 
its use for fewer applications. 
 
Figure 4: Multifunctional optrode with embedded light source and detector (adapted from 
Kim et al [36]). 
 
2.3 ABOUT OPTICAL TISSUE PHANTOMS 
Tissue phantoms are substances that attempt to mimic the optical characteristics 
of biological tissue. Optical phantoms can be liquid, solid or gel-like but they all include 
a scatterer and an absorber in their composition (or sometimes just one or the other, 
depending on the application). The most common scatterers used for optical phantoms 
are fat emulsions, polymer microbead suspensions (usually polystyrene), and titanium or 
aluminum oxide powders. The selection of absorbers chosen for optical phantoms varies 
depending on the application and the wavelength range to be tested, for example, 
hemoglobin is widely used for biologically-relevant optical phantoms to be tested in the 
visible and near infrared wavelengths due to its characteristic spectral signature in that 
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range. In other cases dyes and inks are preferred for their stability [37]. Most of the actual 
substance that makes up a phantom is a liquid, gel, or solid in which the scatterer and 
absorber are ideally evenly distributed. The most biologically accurate phantoms can 
include cell cultures within a hydrogel matrix, for example in a collagen gel. Liquid 
phantoms usually contain fat emulsion or polymer microbeads at particular 
concentrations in order to achieve a certain scattering coefficient value, while solid 
phantoms are generally made out of silicone rubber, epoxies, or other synthetic plastics. 
While the cell-containing phantoms are the most biologically accurate, their 
optical properties are hard to control, due to inherent biological variance, and they are 
hard to maintain because of the many sources of potential contamination during handling. 
Fat emulsion-based phantoms have similar problems in controlling optical properties 
similarly due to biological variation while polymer beads-based phantoms are easier to 
control but do not provide an as accurate representation of biological tissue due to the 
very small distribution of particle sizes, though liquid phantoms are easier to maintain 
than cell-containing ones. Lastly, solid phantoms are generally the most stable and easiest 
to control in regards to optical properties, which is why these are widely used for 
instrument calibration and testing [38, 39]. 
 
2.4 THE IMMUNE RESPONSE IN BRAIN TISSUE 
Although the main cells in the brain are the neurons, they make up for less than 
25% of the total number of cells in the brain [61]. The rest of the brain matter consists of 
glial cells and vascular tissue [13]. Two kinds of glial cells, astrocytes and microglia, 
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have been identified to be the main contributors of the brain tissue response to injury. The 
response associated with astrocytes is characterized by cell migration, proliferation, 
change in number and distribution of organelles, and production of a larger matrix [62], 
among other signs. Microglia cells respond similar to white blood cells, as their function, 
once activated by injury mechanisms, is to kill pathogenic organisms and dissolve 
damaged tissue [63]. They also proliferate upon activation (by injury), change their 
shape, and produce enzymes to degrade foreign bodies [64]. It has been suggested that 
the presence of an insoluble foreign body in the brain may lead to a persistent release of 
neurotoxic substances by the microglia as a continuous effort to dissolve or kill such 
foreign body [65]. 
Given that implanted probes are insoluble, the chronic tissue response is 
characterized by the presence of reactive astrocytes and active microglia that form a glial 
scar around the foreign body. The intent of the high glial cell concentration is to 
eventually degrade the foreign body. Studies have shown that glial encapsulation (gliosis) 
happens progressively around non-degradable implants and eventually isolates the 
damaged tissue from the rest of the brain tissue [21]. 
Although the purpose of the glial scar formation is not completely understood, it 
is theorized that implanted electrodes get insulated from nearby neurons by the gliosis, 
which increases the impedance and pushes viable neurons away from the recording sites 
[66]. Similarly, it could be theorized that the tissue optical properties near the implant 
change gradually as an increased number of glial cells are recruited to form the insulative 
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sheath characteristic of gliosis. The expected effect is to have an increase in absorption 
and scattering due to the increased cell density and morphology changes. 
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CHAPTER 3 – DESIGN AND FABRICATION OF OPTRODE DEVICES 
3.1 INITIAL DESIGN 
 Currently no optrode has been demonstrated to excite and collect light from a 
sample. This work is different from the afore-mentioned research as it is meant to bridge 
that gap in current state-of-the-art optrodes and may be useful for multiple applications.  
This research is a continuation of a project originally funded by the Defense 
Advanced Research Projects Agency (DARPA) having the Charles Stark Draper 
Laboratory as recipient. Given this situation, the work described here started having a 
pre-existing probe design and preliminary testing results.  
3.1.1 Probe Design 
The initial design consisted of a four-shank probe with the main body measuring 
2 mm long by 2.75 mm wide. The shanks are evenly distributed from the center of the 
body being 125 µm apart and measuring 5.35 mm long by 125 µm wide, ending in a 
point of about 40 degrees (see Figure 5). Each shank has four electrical recording sites of 
square shape measuring 70 µm per side. The recording sites are connected through 10 µm 
wide traces to 200 µm square pads each, located in the main body of the probe. The probe 
also has a set of optical waveguides patterned on top of the electrical sites, two 
waveguides run along two contiguous shanks, one per shank, and features a mirror-
assisted 90° bend near the tip of the probe. The waveguide facets near the tip of the probe 
point at each other and end at the edge of their respective shank such that there is only a 
125 µm gap between them. The idea of this geometry was to perform measurements in 
transmission mode by injecting light through one of the waveguides and collect the light 
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transmitted through the gap by the other waveguide. A third U-shaped waveguide was 
similarly patterned on the body of the probe to serve as a calibration loop and therefore 
being able to extract the system response from the collected spectra. 
 
Figure 5: Initial probe design. Optrode die showing layers and features (color-coded by 
materials/layers). 	  
3.1.2 Wafer-level fabrication process 
The fabrication of these probes involves a multi-layer process similar to 
conventional semiconductor microfabrication techniques, where photolithography is the 
essential building block for any microfabrication process (see Appendix A). The process 
starts with a silicon (Si) substrate in the form of a circular wafer of 100 mm in diameter 
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and about 500 µm thick with a single side polish (SSP). After treating the polished 
surface with hexamethyldisilazane (HMDS) to promote adhesion, a thin layer of 
photoresist is spun on the wafer and patterned so as to leave the bare silicon exposed 
wherever the electrode sites are wanted, then consecutive layers of titanium (Ti) and 
aluminum (Al) are deposited by evaporation in that order. First 200 Å (angstroms) of Ti 
are deposited to ensure good adhesion between the metals and the Si and then 1 µm of Al 
follows. After these metals are deposited, the whole wafer is immersed in acetone to 
dissolve the photoresist layer and liftoff the metal on top of it, leaving only the electrode 
sites, traces and pads coated with metal. A second liftoff process is done to only coat the 
electrode sites at the tip of the probe with 200 Å more of Ti as adhesion interface and 
2000 Å of platinum (Pt). The Pt was chosen for its biocompatibility and corrosion 
resistance and was only coated at the electrode sites because that is meant to be the only 
metal part of the probe exposed to tissue. The next layer consists of spinning 
polydimethylsiloxane (PDMS) to serve both as dielectric and undercladding, effectively 
insulating the electrical sites and providing a suitable platform for the optical 
waveguides. The waveguide core layer is then spun on to be 25 µm thick using SU8, a 
silicone-based negative-tone photoresist, which is patterned using i-line lithography. 
Afterwards comes the mirror layer, which involves a liftoff process just like the one done 
in the first metal layer. This time the photoresist is patterned to have 70 µm square-
shaped openings coinciding with all 90° waveguide turns and the metal is deposited by 
sputtering so as to have a conformal 5000 Å coating that wraps around all three 
accessible walls of the waveguides. The metal chosen for the mirror layer was aluminum 
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(Al) because of its high reflectivity. Following the Al liftoff a second layer of PDMS is 
spun to act as top cladding for the optical waveguides. All layers of the probe are 
complete at this point, as shown in Figure 6, but there are a few more steps left in order to 
have functional individual probes. First, the recording sites and their corresponding pads, 
which are covered by about 40µm of PDMS, have to be exposed. This involves 
patterning a hard mask on the PDMS so as to protect the areas that are not meant to 
disappear and leaving uncovered the areas that are meant to be exposed, then the PDMS 
is etched using reactive ion etching until the electrodes are fully uncovered. The hard 
mask consists of a 1 µm Al film, which is removed by an aluminum wet etch after the 
PDMS has been cleared from the electric sites and pads. Finally, the release process 
consists of spinning the backside of the wafer with about 15 µm of photoresist and 
patterning the outline of the probes so as to leave the silicon exposed wherever a “cut” is 
desired. Then the device wafer is mounted on a carrier wafer with a solvent dissolvable 
bond leaving the backside facing up. Deep reactive ion etching (DRIE) is used to etch the 
silicon all the way through, where exposed, and leaving the parts covered by photoresist 
untouched. The etching recipe has both etching and passivation steps so as to have good 
selectivity in the direction of the etch, which results in vertical sidewalls. The gas 
chemistry of the plasma etch consists of SF6 and O2 while that of the passivation consists 
only of C4F8. The devices are lastly singulated by dissolving the bond to the carrier wafer 
by immersing it all in acetone and gently agitating. Each device is visually inspected to 
have no trace of photoresist or bond material left on either face and is transferred with 
tweezers into a rinsing dish containing isopropyl alcohol (IPA). All devices are put on a 
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clean room wipe towel to dry to later be inspected individually to sort and place in 
storage cases with individual slots for each device. The wafer contains equal amounts of 
two slightly different devices, one labeled “curve” due to the curved nature of the 90° 
mirror-assisted bend, and the other one called “45 deg mirror”, which has the 90° bend on 
the waveguide in the shape of a 45° chamfer. Figure 5 shows the initial probe design with 
the previously described features and layers. 
 
Figure 6: Cross-section representation of all layers and materials involved in the fabrication 
of the initial design of an optrode device. 
 
3.1.3 Full Probe Integration 
The integration of the optrode devices into a fully functional probe consists of 
several steps. First, a PCB measuring about 1.5 by 2 centimeters serves as integration 
platform; an optical MT connector is glued to the board while an electrical connector is 
integrated to the PCB linking traces that eventually connect to the pads on the body of the 
optrode by wire bonding. The optrode device is then glued with epoxy to the MT 
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connector after aligning the ports of the connector to the waveguides of the probe, both 
having the same pitch of 250 µm. Figure 7 shows a picture of a fully integrated optrode 
device with all the previously described components. 
 
Figure 7: Fully integrated optrode device showing transmission of red laser light through 
optical fibers and waveguides. The long coiled lead is meant for grounding to a skull screw 
upon implantation. (Picture adapted from McLaughlin et al [40]). 
 
3.1.4 Shortcomings and Need for Revised Design 
The initial efforts on the optrode project funded by DARPA yielded devices with 
SU8 core waveguides and PDMS cladding, which were used in a pilot animal study to 
demonstrate the proof of concept for predicting the neural interface failure [40]. This 
initial work entailed testing at a single wavelength using a laser source at 635 nm.  
The intent of the current work was to use the existing devices to perform the same 
kind of optical measurements but across as much of the visible spectrum as possible 
Optrode 
MT connector 
PCB 
Electrical 
connector
Optical fibers 
	  	  
21	  
using a white light source rather than a laser. The first attempts of spectral measurements 
showed spectral response in the red and near infrared range in between 600 nm and 1150 
nm but flat for the shorter wavelengths of the visible spectrum. A filtering effect was 
noticed in the waveguides since broadband white light was injected into them and red 
light was seen at their output. This issue was investigated further and it was found that 
the SU8 core material changed color due to overheating during the process, potentially 
happening in the dry etching steps, which cannot be temperature controlled. 
This problem was not evident in the pilot study because red laser light was 
initially used and it was discovered that green laser light could also be transmitted 
through the waveguides, given enough power, despite the attenuation of the shorter 
visible wavelengths. Therefore, this issue only became evident when taking 
measurements involving white light. In response to this unforeseen barrier, it was decided 
to use another material combination for the waveguides on the probe. The main desirable 
characteristic for the new waveguide material is high transparency in the visible range 
and minimal autofluorescence, besides biocompatibility. Although many studies have 
demonstrated fabrication of SU8 waveguides for transmission of visible wavelengths [41-
43], others have also found SU8 to exhibit autofluorescence [44], which makes it a weak 
candidate for waveguides intended for fluorescence measurements. 
 
3.2 REVISED DESIGN: ORMOCLAD/ORMOCORE WAVEGUIDES 
A relatively new organic-inorganic hybrid polymer system developed specifically 
for making planar waveguide structures called OrmoCore and OrmoClad was found to 
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have the desired characteristics along with the compatibility with lithographic processing, 
which made it a good choice for this application since its adaptation to the already 
existing process would be easier than developing a whole new completely different 
process. This core-clad system is a variation of a trademarked product by the Fraunhofer 
Institute called ORMOCER®, which stands for organically modified ceramics. Figure 8 
shows a set of characteristic curves for the OrmoClad-OrmoCore system and Figure 9 
depicts the combination of properties that ORMOCER materials have. 
 
Figure 8: Characteristic curves of OrmoCore and OrmoClad materials showing the 
variation of a) refractive index, b) absorption, and c) transmission as a function of 
wavelength, per manufacturer datasheet. The absorption and transmission curves were 
taken from a 200 µm film of each material on quartz (figures adapted from manufacturer 
data sheet).  
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Figure 9: ORMOCER® material properties - a combination of silicones, organic polymers, 
and ceramics (adapted from manufacturer web site). 	  
3.2.1 Modeling the Probe-Connector Interface 
 Given the opportunity to learn from the shortcomings of the initial optrode 
design, a mini study of the best probe-connector interface configuration was done so as to 
determine the fiber diameter to waveguide cross-section combination that yielded the 
least optical power loss during transmission.  
The initial design consisted of the outer two ports of an MT connector hosting a 
25 µm optical fiber, which transitioned to the 25 µm square waveguide facet and then the 
inner two MT connector ports hosted a 50 µm optical fiber to couple with the 
corresponding cross-section waveguide facet of 25 µm square. This configuration 
allowed to have excitation or collection of light on either side of transition (50 µm circle 
to 25 µm square or 25 µm circle to 25 µm square and vice versa). The down side of this 
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configuration was that it is hard to align upon assembly since the smallest fiber diameter 
was on opposite ends, where the slightest misalignment made the assembled probe nearly 
useless. A revised design of the MT connector port configuration consisted on swapping 
the smaller fiber diameter to the middle two ports and the larger diameter fibers to the 
outer two ports. This configuration showed a definite improvement in ease of alignment 
when assembling but the answer to what the optimal cross-section transition was for 
excitation and collection was answered using a photonics modeling software called 
BeamProp  (Synopsys, Japan). 
The problem was approximated by making it a 2D cross-sectional trace of the 
steps along the light path: on the input (excitation) side, from a 50 or 25 µm core fiber to 
a 25 µm square waveguide core, and on the output (collection) side from a 25 µm square 
waveguide core to a 25 or 50 µm core fiber. The refractive indices of the waveguides and 
fibers were assumed to be n=1.58 and n=1.62, respectively and all the calculations were 
performed at a wavelength of 550 nm (middle of visible range). 
Table 1 shows the results of these simulations for the available combinations and 
points to the figures that correspond to the graphical output of each scenario. 
Table 1: Simulation scenarios for assessment of optimal optical power delivery and 
collection at connector-probe interface. 
Mode Configuration Power loss Reference 
Input 
(excitation) 
50 µm fiber to 25 µm waveguide 27% Figure	  10 
25 µm fiber to 25 µm waveguide <1% Figure	  11 
Output 
(collection) 
25 µm waveguide to 25 µm fiber 18% Figure	  12 
25 µm waveguide to 50 µm fiber <1% Figure	  13 
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Figure 10: Graphical simulation result for interface change from a 50 µm fiber to a 25 µm 
waveguide. Computation at 550 nm - total power loss of 27%, assuming nfiber=1.62 and 
nwaveguide=1.58. 
 
 
Figure 11: Graphical simulation result for interface change from a 25 µm fiber to a 25 µm 
waveguide. Computation at 550 nm - total power loss of less than 1%, assuming nfiber=1.62 
and nwaveguide=1.58. 
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Figure 12: Graphical simulation result for interface change from a 25 µm waveguide to a 25 
µm fiber. Computation at 550 nm - total power loss of 18%, assuming nfiber=1.62 and 
nwaveguide=1.58. 
 
 
 
Figure 13: Graphical simulation result for interface change from a 25 µm waveguide to a 50 
µm fiber. Computation at 550 nm - total power loss of less than 1%, assuming nfiber=1.62 
and nwaveguide=1.58. 
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 Based on the simulation results, the configuration chosen for the connector-probe 
interface was to have all connector ports with 50 µm fiber. This conclusion was derived 
from accounting for the cross-sectional area of the fibers and waveguides, since one fiber 
is twice as large in radius as the other, it makes up to a cross-section area difference of 4 
to 1. If assuming that the amount of optical power coupled into the fiber is proportional to 
their corresponding area, then the input base power after the first fiber-waveguide 
interface for the 50 µm fiber is P50=(1-0.27)*4*P25, while that of the 25 µm fiber is ~P25. 
That leads to a delivered power to tissue from using the 50 µm fiber input of 2.92 times 
the amount of power delivered from using the 25 µm fiber. If the same logic follows as a 
fraction of incoming light will be collected back, then the output power delivery will be 
proportional to the input power, therefore the 50 µm fiber input configuration will always 
collect more light at the output. 
 
3.2.2 Design for Reflectance Measurements 
A slightly different probe design was explored along with an OrmoClad / 
OrmoCore material combination besides also attempting to fabricate the original design. 
The revised design consists of having straight waveguides going through most of the 
length of the shank to the tip of the probe without bending, which changes the 
measurement mode to reflectance rather than transmission. This alternative straight 
waveguide design was pursued because it allowed for a slightly simpler, shorter, and 
therefore faster fabrication process. In this configuration the waveguide facets end where 
the angled section on the point of the shanks begin and the top cladding also ends at the 
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edge of the waveguide facets. The sharp angle point of the shanks was maintained in this 
design so as to keep the ease of implantation that a blunt point would not provide. Figure 
14 shows what the tip of the probe looks like with the waveguide facets and top cladding 
ending before the sharp angled tips form at the end of the shanks.  
 
Figure 14: Cross-section side and top views of the straight waveguide optrode design. 
 
The reason for implementing this revised design, besides investigating the probe 
performance in reflectance mode, was to shorten the length of the fabrication process by 
not having to do the liftoff steps involved in the construction of the mirror-assisted bends. 
The process development runs performed to adapt the OrmoClad/OrmoCore waveguide 
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materials to the original design yielded results that indicated process incompatibility 
between the steps required to process such materials and the deposition of the aluminum 
layer that makes up the corner-bend mirrors. The main differences in waveguide 
core/cladding combination between the revised and original designs are that the 
OrmoClad and OrmoCore are both photopatternable, whereas in the original design only 
the core layer of SU8 involves lithographic steps and the PDMS cladding is not similarly 
patternable nor photocurable. Also, the OrmoCore and OrmoClad remain liquid if not 
exposed to UV light, even after the usual pre-exposure bake step, while the SU8 core 
material becomes gel-like or semi-solid after the pre-exposure bake and remains in such 
state unless fully cured by UV light exposure. For this reason, the exposure of the 
ORMOCER®s has to be in proximity mode rather than in contact mode, like the SU8 and 
most photoresists are processed, and therefore the edge definition and resolution of the 
patterned structures on the OrmoClad and OrmoCore layers are bound to be of less 
quality as the exposure gap increases and altogether worse than any pattern made in 
contact mode. The prior mentioned incompatibility of incorporating the ORMOCER®s 
in the original process arose when performing the lithography in preparation for the Al 
deposition and posterior liftoff of the mirror layer. The cladding and core layers 
developed cracks sometimes after spinning the photoresist layer to pattern the mirror 
sites, which seems to indicate chemical incompatibility, and other times after exposing 
such photoresist layer – done in contact mode and not in proximity, which may have 
compressed the hybrid polymer structures to a degree of fracture. Furthermore, the 
cladding and core layers proved unstable during the Al metal liftoff process given that 
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they peeled off the substrate altogether instead of only uncovering the areas where metal 
was not desired, pointing again towards chemical incompatibility. 
 
3.2.3 Fabrication of Probes for Transmission and Reflectance Modes 
Optrode devices were fabricated to perform measurements under both 
transmission and reflectance modes, corresponding to the original and revised designs. 
The fabrication process of these probes is very similar to the original and previously 
described process but modified to incorporate the OrmoClad/OrmoCore waveguide 
materials. A 100 mm SSP Si substrate of about 500 µm thick is spin coated with a 
LOR10A-AZ1518 photoresist combo to prepare the wafer for the electrode layer liftoff 
process. A thin layer of LOR10A of about a micron is spun first, softbaked, followed by 
spin coating of a few microns of AZ1518 photoresist, and a second softbake step. Then 
the wafer is exposed for 5.3 seconds to UV light using the electrode mask pattern under 
hard contact followed by a two-step developing process. The AZ1518 is developed first 
by immersing the wafer in AZ400k developer and agitating for 35 seconds, followed by 
the first hardbake step, then the LOR10A is similarly developed by immersion and 
agitation in MF-319 developer for 5 minutes and concluding the lithography steps of this 
layer with a second hardbake. The purpose of this two-part lithography layer is to 
construct a pattern with undercut, which provides a cleaner platform for liftoff 
processing. The AZ1518 layer defines the pattern that the metal will have upon finishing 
the liftoff step and the LOR10A provides the sacrificial layer that is developed with a few 
microns offset inwards from the AZ1518 so as to leave an undercut or void space 
	  	  
31	  
between the AZ1518 layer and the substrate and thus create a clean break in the metal 
film to be deposited in the bare Si areas. This clean break in the metal film layer makes 
the liftoff step easier and cleaner because the chemicals that dissolve the photoresist 
layers only need to eat away the photoresist to take the metal off on the covered areas 
rather than having to also rely on the adhesion difference of the metal to the bare Si and 
the photoresist to be able to lift the metal off in the case a continuous metal film is 
deposited (no undercut). Figure 15 shows a schematic of the difference between undercut 
and no undercut liftoff processes. 
 
Figure 15: Diagram showing the difference between metal deposition using a) undercut and 
b) no undercut. 	  
The electrode layer on these probes was modified to only have one step of metal 
deposition in order to decrease the amount of steps and make probe development quicker. 
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This time 200 Å of Ti were deposited first and followed by 5000 Å of Au to form all 
electrode sites, pads, and traces. Titanium was chosen again as adhesion interface and 
gold for its relatively good corrosion resistance and biocompatibility. The liftoff consists 
of immersing the wafer in an SVC 14 bath at 80C for about half and hour, then sonicate 
the wafer for a few minutes while still in the bath and finally rinse with DI water and spin 
dry (see Figure 16 for pictures of wafer at this stage). SVC 14 is an acetone-like solvent 
that has a higher evaporation point, which makes it more suitable for liftoff processing 
since it can be heated up and hence accelerate the dissolution of the photoresist.  
 
Figure 16: Wafer pictures after metal liftoff of electrode layer (step 15, Appendix B) at 
wafer level (left) and device level (right). 
 
The underclad layer consists of spin coating a 10 µm layer of OrmoClad after 
cleaning the wafer surface with IPA and doing an oxygen plasma treatment to ensure 
proper adhesion. Some wafers were started on this step of the process so as to have a 
quicker process development, given that the metal deposition and liftoff was already 
proven to work but the optical part of the probes was being modified and adapted to be 
	  	  
33	  
built with a new clad/core material combo. Each wafer was baked for 5 minutes at 80°C 
right after spin coating so as to create an even film, which remains liquid unless exposed 
to UV light. Given the liquid nature of the film to be exposed, the exposure was 
performed in proximity mode, having a 110 µm exposure and alignment gaps, and for a 
total dosage of about 3000 mJ/cm2 in a single pulse of about 2 minutes so as to fully cure 
the material with the desired structures. The unexposed material remains liquid at this 
point and is ready to be washed away by the developer in the developing step. It was 
found that the underclad layer was not required to undergo the post-exposure bake (PEB) 
to develop and adhere properly to the bare silicon substrate but it was needed to adhere 
best to the metal layer. It was also found that a PEB step with gradual temperature change 
– ramping up from 80°C to 130°C and down – worked better than baking at nominal PEB 
temperature of 130°C without ramping; the wafers baked at the nominal target 
temperature developed cracks in the underclad layer upon developing the core layer, 
while the wafers baked at gradually increasing/decreasing temperatures remained crack-
free throughout the rest of the layers. The developing step involves immersion and 
agitation of the wafer in a specific developer called OrmoDev for one minute, followed 
by a thorough IPA rinse and nitrogen blow-dry. Refer to Figure 17 for wafer pictures at 
this stage. 
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Figure 17: Wafer pictures after lower OrmoClad layer (step 22, Appendix B) at wafer level 
(left) and device level (right). Top pictures are of a wafer following the full process and 
bottom pictures are of a wafer undergoing a waveguide only fabrication process. 
 
The core layer was similarly constructed as the underclad layer but using 
OrmoCore material in a thickness of about 25 µm. After spinning, the layer was baked, 
exposed using straight or bent waveguide masks – revised or original designs, 
respectively – at 200 µm alignment and exposure gaps with the same dosage, baked again 
ramping the temperature, and developed for 1 minute (see Figure 18). At this point the 
wafers to be fabricated with the original design went on to the lithography for the Al 
layer liftoff – following the same process mentioned before (see Figure 19)– while the 
wafers to be fabricated with straight waveguides continued to the top cladding layer. 
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Figure 18: Device level pictures after OrmoCore layer patterning (step 28, Appendix B) 
showing the waveguide structures on optrode body (left) and its shanks (right). 
	  
Figure 19: Wafer pictures after mirror layer liftoff (step 37, Appendix B) at wafer level 
(left) and device level (right). Top pictures are of a wafer following the full process and 
bottom pictures are of a wafer undergoing a waveguide only fabrication process. In both 
cases, failure of hybrid polymer is evident as it shows cracks and even peeled off the 
substrate in some areas, taking the aluminum off of desired places and leaving it on at non-
intended areas. Chemical incompatibility and potential heat shock during the metal 
deposition are blamed for this. 
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The top cladding layer follows basically the same steps as the underclad except 
that this layer is spun to be 35 µm thick, is exposed using 250 µm alignment and 
exposure gaps, and developed for 3 minutes. The exposure mask is the same as the 
underclad layer for the original design probes while truncated at the edge of the straight 
waveguides for the revised design. A final hardbake step is considered optional, per 
manufacturer guidelines, and seems to not affect or change the material properties too 
much. This step consists of an extended bake at 150°C for 3 hours. Go to Figure 20 for 
wafer pictures at this stage. 
 
Figure 20: Device level pictures after upper OrmoClad layer (step 43, Appendix B) under 
low magnification (left). These devices skipped the mirror layer since they underwent the 
process of the straight waveguide (reflectance) design. The zoomed-in picture (right) shows 
where the top cladding ends and aligns with where the waveguide facets end. 
 
The remaining steps pertaining the probe release are the same as in the original 
design except that there is no PDMS to dry etch since the cladding layers are already 
patterned to the outline of the probe and have the electrode sites and pads uncovered. 
Unfortunately, the singulated devices showed chemical incompatibility with the release 
process since the OrmoClad/OrmoCore layers peeled and bubbled after being soaked in 
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acetone to wash away the photoresist layer used as bond to the carrier wafer. The 
bubbling and peeling left no device useful for the intended measurements (see Figure 21). 
 
Figure 21: Singulated devices after release (step 54, Appendix B). Left picture shows 
individual devices while the other pictures show example view of an optrode body (center) 
and shanks (right). Chemical incompatibility is also evident as the probes pitted and peeled 
upon release. 
 
An alternative release process was used in order to obtain usable probes for probe 
validation in optical tissue phantoms. This alternative process involved the use of a dicing 
machine with a 100 µm thick saw to cut devices having a simple rectangular form, 
including all of the shanks and body within such rectangle, as shown in Figure 22 and 
Figure 23. A detailed sequence of steps that were followed to fabricate these devices can 
be found in Appendix B. 
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Figure 22: Optrode die diagram showing the dicing saw cutting pattern with a red dotted 
line. 
 
 
Figure 23: Alternative release process of straight-waveguide probes showing diced section 
from full wafer (left) and individually diced probes (right). 
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3.2.4 Integration of Reflectance Mode Probes 
Given the process difficulties and incompatibilities, it was only possible to pursue 
probe integration using the reflectance mode configuration. Also, due to time and 
budgetary constraints, integration only entailed making the optical part of the probe 
functional, as the electrical part had already been proven in a previous study using the 
original design [40]. This time, the MT connector was glued to a piece of a glass cover 
slip instead of a PCB for substrate of the assembly, and the optrode was glued to the MT 
connector after aligning the back-end of the waveguide facets to the output facets of the 
optical fibers coming from the MT connector. 
The alignment process was done by connecting a fiber coupled laser to each of the 
optical ports that correspond to the waveguides on the shanks, and another one that leads 
to the outer port of the U-shaped calibration loop (furthest from the center of the probe). 
The other port of the U channel was connected to a photo detector from which a voltage 
reading was obtained in real time to determine the peak value achieved while aligning to 
then lock the position in place. Red and blue lasers were used to shine down the 
waveguides of the shanks of the probe while an infrared laser was coupled into the U-
shaped waveguide. The optrode device being aligned was clamped by its sides with a 
small C-clamp while the clamp itself was fastened to an XYZ manual optical stage by a 
plate and two screws. The PCB-MT assembly was similarly fastened to another stage 
with XYZ, theta, and phi adjustment. Both stages were placed next to each other so as to 
be able to drive the assembly delivering the laser light towards the optrode device and 
fine-tune their relative positions to each other until a satisfactory alignment was achieved 
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(see Figure 24). Once the alignment was optimized, the optrode device was brought into 
contact with the MT connector and a few drops of epoxy glue were spread around all 
optrode surfaces adjacent to the MT face; then the full assembly was left mounted on 
their stages for a few hours until the epoxy cured. Finally, the completed assembly was 
released from the stages and alignment was verified by shining the lasers down their 
respective waveguides and measuring the power returning from the calibration loop as 
well as visually inspecting that the red and blue lasers reached the tip of the probe (see 
Figure 25). In the rare case where alignment was not properly maintained during the 
bonding process, the bond between the optrode device and the rest of the assembly was 
broken by a razor blade and the whole alignment and bonding process was repeated using 
a new optrode device after cleaning the MT from any epoxy residues. 
 
Figure 24: Alignment setup for optrode probe integration. Zoomed-in section shows 3 laser 
beams aligned to optrode waveguides. 
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Figure 25: Picture showing successful coupling of blue laser light through optrode 
waveguide. 
 
3.3 THIRD REVISION: OPTRODE DEVICES WITH GLASS WAVEGUIDES 
The shortcomings found with the previously described waveguide materials 
pushed this work to continue the search for an optically clear material suitable for 
patterning waveguides. Glass is an obvious option when it comes to optical transparency 
and negligible autofluorescence but it is hard to pattern and expensive to have onto a 
silicon substrate. There currently exist a few spin-on glass systems that fit the 
requirements needed for this application but in order for these to adhere well to the Si 
substrate they have to undergo an anodic bonding step, which makes this technology very 
specialized and expensive. A commercially available product for planar waveguide 
applications entailing glass cladding and core layers deposited on a silicon wafer was 
selected for continuing this work. The wafers consist of a one-millimeter thick Si 
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substrate, a 20 µm glass cladding, and a 7 µm core glass layer with refractive index 
difference between cladding and core of 0.7%. 
The aim this time was to only make the optical part of both versions of the probe, 
the one with the 90° waveguide bends as well as the straight waveguide version. 
Although glass is sure to work as waveguide, it does present a challenge for patterning 
and its rigidity, and thereof brittleness, is a concern for implantation without breaking. 
Another unintended circumstantial challenge faced with this approach was that due to 
budgetary and time constrains it was impossible to get the core layer thickness of 25 µm 
that was consistent throughout the previous revisions. Using the actual 7 µm core layer 
thickness effectively reduced the cross-section area of the waveguides to 28% of the 
original design and therefore makes the signal, of coupled transmitted or reflected light, 
harder to detect. 
3.3.1 Design of Glass Waveguide Optical Probes 
As mentioned before, this third revision of optrode devices includes only the 
fabrication of optical probes – without electrodes – in configuration for both reflectance 
and transmission modes. There were no changes to the previously described designs 
except for the waveguide material and the fabrication process thereof. Additionally, these 
probes do not have a top cladding layer, which means that the light-guiding properties of 
the waveguides rely on the refractive index mismatch between the core layer and the 
medium being measured. Air-cladded waveguide structures have been demonstrated 
before by Chang-Yen et al [45]. 
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3.3.2 Fabrication of Glass Waveguide Optical Probes 
The fabrication process of these probes was intended to begin with lapping the 
silicon side of the wafer given that its original thickness of one millimeter is too large for 
a neural implant, as it would cause too much damage to the brain tissue upon insertion. 
Unfortunately, a pilot run of the lapping process yielded significantly bowed wafers, 
which made them virtually impossible to process any further unless mounted on a carrier 
wafer for added thickness and stability. Some wafers were attempted to continue 
processing mounted on a carrier wafer but they were still impossible to process due to 
other problems encountered further along the process. 
The new starting step was to deposit an aluminum hard mask on the glass core 
layer so as to cover the desired areas to become waveguide structures and leave the rest 
uncovered to get etched. This step involves standard lithography to prepare the sites to be 
covered with aluminum, then the aluminum deposition of a half micron layer via 
sputtering or evaporation, followed by liftoff to remove the aluminum from the 
photoresist-covered areas thus defining only the waveguide structures with the remaining 
metal (see Figure 26). 
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Figure 26: Wafer pictures after aluminum hard mask patterning (core layer, step 15, 
Appendix C); full wafer (left) and zoomed (right) views. 
 
Later comes the dry etching step, where a combination of O2, C4F8, and Ar gasses 
in a ratio of 0.55:1:0.3125 are used in a plasma chamber to etch the exposed glass down 
to the silicon substrate. In this case there is no need for passivation as other parameters 
such as bias power and pressure can drive the etch direction in such way that almost 
vertical sidewalls can be obtained. The oxygen and perfluorocyclobutane gases are the 
etching gases while the argon is injected in the mix so to minimize or prevent the 
aluminum of the hard mask from being re-sputtered onto other parts of the wafer. The 
conditions reached inside the etching chamber can lead to re-evaporation of the 
aluminum layer of the hard mask and re-deposition of it on other surfaces, including 
areas that the aluminum was not originally covering, condition that is referred to as 
micromasking. When micromasking occurs the etch stops working and it only continues 
to worsen the Al re-deposition (see Figure 27). 
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Figure 27: Wafer pictures after Al hard mask removal (step 17, Appendix C); full wafer 
(left) and zoomed (right) views. Cloudiness due to minor micromasking. 
 
Once the waveguide structures are formed, the release process begins by 
patterning a photoresist mask to etch the silicon substrate through its full thickness from 
the backside in order to singulate the optrode devices. Due to circumstances out of reach, 
this release process could not be performed because of prolonged down time of the tool. 
Therefore, the same dicing release (cutting the whole probe in a rectangular shape with 
no shank definition, Figure 28) was done on these probes as for the ORMOCER® 
devices. A detailed sequence of steps that were followed to fabricate these devices can be 
found in Appendix C. 
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Figure 28: Pictures showing alternative release process of glass-based devices (step 29*, 
Appendix C). Full wafer picture of backside showing patterned photoresist used for dicing 
(left). Diced probes released from UV tape (center) and close-up picture of individual device 
(right). 
 
The same integration procedure as the ORMOCER® optrodes was followed to 
assemble devices with glass waveguides. The final result is shown in Figure 29. 
 
Figure 29: Alignment test on glass waveguide optrode. Blue and red lasers can be seen at 
the output of MT connector (right, big colored blobs) and at end of waveguides (left, small 
colored blobs). 
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3.4 OPTRODE DESIGN FOR A FUTURE REVISION 
A more complete and comprehensive probe design was devised in which all four 
shanks carry waveguides as well as electrode sites. This optrode incorporates waveguides 
in such geometries that measurements can be acquired in both reflectance and 
transmittance modes. The proposed probe has the two middle shanks carrying two 
embedded waveguides each. The waveguides feature the same 90° mirror-assisted bend 
near the tip of the shanks, as in the original design, which makes each waveguide facet 
point towards its corresponding channel across the gap to the contiguous shank. This 
setup provides two channels, separated 250 µm from each other, for transmission 
measurements. The outer two shanks boast three waveguides embedded in each shank, 
again with the same 90° mirror-assisted bend in each of them. These waveguides point 
away from the other shanks, one of them is to inject light into the tissue and the other two 
serve to collect reflected light from the tissue. This configuration repeats in the two outer 
shanks so as to provide a total of four possible source-detector separations for reflectance 
mode measurements. The proposed source-detector separations go from 100 µm to 325 
µm in 75 µm increments. The purpose of having various source-detector separations is to 
add the capability to extract absolute optical tissue properties rather than just being able 
to detect a change in said properties, as the original design does. An additional u-shaped 
waveguide is included in the bulk of the optrode body for calibration purposes. The 
difference between this calibration loop and the one described in the previous revisions is 
that this waveguide is square in both of its corners, rather than round, and also has the 90° 
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mirror-assisted bends so as to provide means to take a reference measurement that 
includes the same amount of mirrors in the light path as any other measurement channel.  
The intent of this probe design is to keep most of the process and assembly 
configuration the same as the original while adding the versatility that the reflectance and 
transmission measurement capabilities provide. Given that the most number of optical 
ports an MT connector has in a single row is 12, with a 250 µm pitch, the width of the 
optrode body had to be increased to 3.5 mm in order to fit the waveguides and electrode 
pads. The higher density of waveguide content per shank also means an increase in shank 
width from 125 µm of the original design to a new 250 µm so as to comfortably host 3 
waveguides and 4 electrode sites and traces on each of the reflectance (outer) shanks, and 
2 waveguides and 3 electrode sites and traces on each of the transmission (inner) shanks. 
The separation between shanks was also increased to 250 µm for symmetry sake as well 
as for having as much space for patterning the waveguides into as soft curves as possible 
to prevent light loss in such turns. Figure 30 shows what a fully assembled optrode would 
look like as well as a detail of the shanks design. 
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Figure 30: Virtual rendering of a fully assembled optrode with the proposed future design 
(left) and detail of its shanks (right). 
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CHAPTER 4 – OPTRODE VALIDATION USING OPTICAL PHANTOMS 
Given that this work yielded two kinds of probes – with OrmoCore/OrmoClad 
waveguides and with glass core and partial cladding, – the validation experiments 
explained in this chapter were attempted with both kinds of probes. The goal was to 
assess the performance of each probe, namely its ability to detect changes in scattering 
properties, as well as to compare performance among probes. 
4.1 OPTRODE VALIDATION USING POLYSTYRENE MICROBEAD SUSPENSION 
The validation experiments of these optrode devices were first attempted in liquid 
phantoms having a Polystyrene microsphere suspension as scattering agent. Different 
samples were prepared with varying concentrations of microsphere content to yield 
various reduced scattering coefficient (µs’) values. Samples were made to have µs’ value 
increments ranging from 0.1 mm-1 to 0.7+ mm-1. The data was analyzed statistically to 
determine how sensitive a given optrode device is to detect a change in scattering 
properties (i.e. see if it can tell apart phantoms with µs’=0.6 mm-1 from µs’=0.7 mm-1). 
4.1.1 Materials 
4.1.1.1 Probe holding fixture 
A validation test station was assembled in order to provide means of holding the 
integrated probe assemblies as well as for moving the probe around from testing position 
(dipped in liquid phantoms) to cleaning and reference positions. This holding fixture was 
built with optical table components and consisted of a 12 by 18 inches optical plate as a 
base and vertical and horizontal posts with carriages. The vertical post had a plate 
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screwed to the carriage, which provided a platform perpendicular to the post, where an 
XYZ stage was mounted. This platform was a linear stage itself that had about two inches 
of travel and means to be fixed by a screw in any place along its range of travel. 
A large unfolded paperclip was glued to the glass cover slip that served as the 
integrated probe assembly substrate so as to provide means of clamping the probe to the 
XYZ stage on the platform without compromising the integrity of the probe and 
minimize potential for damage during its handling. This setup provided a large range of 
motion without having to touch the assembled probe from its stage – coarse position 
adjustment in the Z and X axes was provided by the vertical post carriage and the 
perpendicular platform, respectively, while fine adjustment in XYZ was given by the 
stage to which the probe was mounted. 
A sample platform with multiple wells for liquid phantoms was mounted to the 
carriage attached to the horizontal post, which only moved in the Y direction. This 
platform consisted of a 3/8” polycarbonate sheet, which had 12 wells along its axis of 
motion for holding liquid phantom samples. The wells were made by drilling holes of 9 
mm in diameter and 7 mm in depth, with about 12 mm between centers. 
The combined range of motion of both platforms and carriages made the loading 
and unloading of probes and phantom samples possible with minimum handling and risk 
of damage to the probe assemblies. See Figure 31 for a picture including all components 
of this fixture. 
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Figure 31:Probe holding fixture. Blue double arrows show the parts that provide coarse 
motion in XYZ axes and yellow oval circles a mounted probe to the XYZ stage. 	  
4.1.1.2 Hardware and Instrument Setup 
The integrated probe assembly has the optrode glued to one end of a two-inch 
long MT-MT cable assembly, which means that another cable harness was necessary to 
connect the light source and detector to the probe, interfacing with an MT connector. The 
probe and source/detector connection was devised this way so as to have the probe, 
which will eventually be implanted, be only connected to the instruments when taking 
measurements instead of all the time. 
Optical base plate 
Vertical post 
and carriage 
Horizontal post 
and carriage 
XYZ stage 
Platform with 
x-axis motion 
Sonicator bath 
Sample 
platform 
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Both the short MT-MT and source/detector cables were custom made (Phoenix 
Optix, RI) using four 50µm fibers (Thorlabs, 0.22 NA, Low OH fiber) that correspond to 
each of the waveguide facets on the head of the probe. The cable harness connecting the 
probe to the light source and detector started, from the probe side, with an MT connector 
that transitioned to a four-fiber bundle (single jacket), which got split into four 
individually jacketed fibers, two of which ended in SMA connectors and the other two 
into FC/PC connectors. This configuration corresponded to have both connector types on 
each leg of the U-shaped waveguide as well as on each of the shank waveguides, the 
reason being that the SMA connector was for the source and the FC/PC for the detector. 
Figure 32 shows a schematic of these connections and cable interfaces. 
 
Figure 32: Schematic showing cable assemblies and probe connections. The larger (stronger 
green) circles represent FC/PC connector terminations while the smaller (lighter green) 
dots represent SMA connector terminations, which correspond to detector and source 
interfaces, respectively. 
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The essential components needed to take optical measurements are a light source, 
which could be a fiber-coupled laser or broad band lamp, a detector, which could be a 
simple photodiode or a spectrometer, and a computer, which is used to trigger data 
acquisition from the spectrometer and control light source output (optional). Figure 33 
shows a basic diagram of the instrument setup for optical measurements. 
 
Figure 33: Diagram with written (left) and graphic (right) representation of optical 
measurements setup. 
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4.1.2 Methods 
4.1.2.1 Phantom Making 
A Mie theory MATLAB script was modified to yield a table of volumetric ratios 
of water to the polystyrene (PS) microbead suspension for a variety of reduced scattering 
coefficient (µs’) values. The script takes as inputs the solid percent of the PS suspension, 
refractive index of the PS spheres and water (solute and solvent), the mean bead 
diameter, the PS density, and the wavelength at which the optical properties are to be 
calculated (given optical properties dependence as function of wavelength). The code 
generates a table of PS and DI water content for a 1ml phantom volume at various µs’ 
values. In this case, the script calculated an anisotropy value (g) of 0.92 for the 10% solid 
content and 1µm mean bead diameter of the PS suspension used. This table was then 
used to generate a secondary table for making 4ml vials of phantoms at selected µs’ 
values. 
The selected µs’ values were in the range between 0.6 mm-1 and 1.32 mm-1, which 
correspond to scattering coefficient (µs) values in between 7 and 16 mm-1, at an 
anisotropy factor g=0.92. The relationship between µs, g, and µs’ is given by the equation 
1, below. 
  (1) 
A total of nine PS-based liquid phantoms were made with µs’ values of 0.6, 0.7, 
0.8, 0.91, 0.99, 1.07, 1.16, 1.24, and 1.32 mm-1. All of these values fall well within 
literature values for human gray matter, as shown in Table 2. € 
µs'= µs 1− g( )
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Table 2: Brain tissue optical properties from literature. 
Author µs' [1/mm] µs [1/mm] g Conditions 
Gebhart [46] 0.5 - 3.0 3.3 - 20 0.85 in vivo/vitro for human gray matter 
Yaroslavsky [47] 0.4 - 4.4 5 - 20 0.78 - 0.92 
untreated human gray 
matter from cadaver (48-
96 hrs post-mortem) 
Van Der Zee [48] 1.5 - 8 30 - 100 0.92 - 0.95 from adult human brain (48-60 hrs post-mortem) 
 
Table 3 shows the calculated quantities of water and PS microspheres suspension 
that yielded the above-mentioned µs’ values of liquid phantoms. Since the intent was to 
push the limit of the ability of the probes to detect small differences between samples, the 
values were chosen to have a small increment in scattering coefficient value between 
samples while staying within literature values, hence not covering the entire range of 
values found in human brain tissue. 
Table 3: Phantom making table showing amounts of PS microspheres suspension and water 
to use for a 4ml phantom with a given µs'/µs value (with g=0.9171). These optical properties 
were computed at a wavelength of 635 nm. 
Desired µs' 
[1/mm] 
µs value 
[1/mm] 
PS microspheres 
[ml] 
Water added 
[ml] 
0.6 7.2376 0.0784 3.9216 
0.7 8.4439 0.0912 3.9088 
0.8 9.6502 0.1044 3.8956 
0.9119 11 0.1188 3.8812 
0.9948 12 0.1296 3.8704 
1.0777 13 0.1404 3.8596 
1.1606 14 0.1512 3.8488 
1.2435 15 0.1620 3.8380 
1.3264 16 0.1728 3.8272 
 
The MATLAB script used to generate this table was modified by McLaughlin, 
based on Jacques translation of the Fortran code written by Bohren and Huffman [67]. 
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4.1.2.2 Spectral Measurement Acquisition 
For this set of measurements, a spectrograph/monochromator (Princeton 
Instruments, 2300i with thermoelectrically cooled camera and a 1200 grooves/mm 
holographic blazed grating) was used on the detector side in combination with a fiber 
coupled broadband white light continuous wave (CW) source (Energetiq, EQ-99XFC 
LDLS). The integration time was set to 10 seconds so as to get a balance between total 
acquisition time and signal to noise ratio (SNR). The spectrograph was set to scan the 
wavelength range between 400 nm and 1000 nm, which the instrument performed in 12 
steps of 50 nm increments, taking 10 seconds per step, for a total acquisition time of 2 
minutes per measurement. 
Five measurements were taken from each phantom sample, and three reference 
measurements were taken before each phantom sample. The reference measurements 
consisted of acquiring spectral data from a white diffuse reflectance standard (LabSphere, 
Spectralon®, 99% calibrated reflectance) following probe cleaning procedure (see 
4.1.3.3), when applicable. Figure 34 shows representative pictures of phantom and 
reference measurements being taken. The probe was placed nearly touching the surface 
of the center area of the reflectance standard every time a set of reflectance measurements 
was taken in order to have a relatively standardized number of counts to compare 
reference measurements. The spectra of each measurement set from the same sample 
were visually compared to confirm repeatability of results. 
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Figure 34: Pictures showing measurements being taken on a liquid phantom (left) and white 
(99% reflectance) reference standard (right), using a glass-based probe. 	  
A set of dark measurements was also acquired before beginning acquisition of 
phantom data so as to characterize the noise level of the system and to be able to subtract 
such noise from the actual measurements upon processing the data. A dark measurement 
consisted of acquiring a spectrum using the same parameters as for a regular sample, 
except that without having the light source turned on. This also entailed having the probe 
in near contact with a dark diffuse reflectance standard (LabSphere, Spectralon®, 2% 
calibrated reflectance) in order to minimize the amount of stray light coupled into the 
probe by reflection, as shown in Figure 35. 
 
Figure 35: Setup for taking a dark measurement: light source off, dark reflectance standard 
under probe. 
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4.1.2.3 Probe Cleaning 
As mentioned before, the probes were cleaned in between measurements before 
moving on from one phantom sample to the next so as to ensure that the acquired spectra 
were only a result of the current sample-light interactions.  
Two different cleaning procedures were developed due to the difference in the 
materials of the probes. For the probe with glass waveguides, the cleaning procedure 
consisted of dipping it in a small sonicator bath (as shown in Figure 31) until the water 
level was higher than what it was when measuring the previous phantom and sonicate for 
approximately one minute followed by a DI rinse and a gentle dry from a compressed air 
can. For the probe with OrmoClad/OrmoCore waveguides, sonication was not an option 
because it not only cleaned the microbeads but also peeled off the polymer layers of the 
probe itself. The cleaning procedure that worked the best for this probe type consisted of 
first rinsing it with a stream of DI water with a squirt bottle, followed by a similar rinse 
with acetone, and then a final DI water rinse, also followed by a gentle dry from a 
compressed air can. 
Although the cleaning procedure for the polymer waveguides was effective to get 
rid of the microspheres residue it also proved to slowly and incrementally affect the probe 
chemically, effect that was characterized by the peeling of the top cladding layer from the 
waveguides. This effect and the inability to find a cleaning process that worked without 
affecting the integrity of the probe made it impossible for this type of probe to be 
validated using PS-based liquid phantoms. 
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4.1.2.4 Data Analysis 
Data was analyzed to compare how statistically different each set of sample 
measurements were from each other at given wavelengths (i.e. number of counts at 
wavelength X of sample A vs number of counts at same wavelength of sample B) and as 
a whole spectrum by calculating the integral of it over the entire measurement 
wavelength range (area under spectra of sample A vs area under spectra of sample B). 
The first step was to average the number of counts at each wavelength in increments of 1 
nm within the range of the scanned wavelengths, where the sum of these averaged results 
yielded the integral of each full spectrum acquired. A representative spectrum per sample 
was obtained by averaging each measurement taken from the same sample, and a relative 
reflectance spectrum was calculated for each phantom according to the equation 2 below, 
 (2) 
where phantom( ) and dark( ) are the representative spectra calculated for a given 
phantom sample and dark measurements, respectively, and reference( ) is the 
representative spectrum of the reference measurements taken just prior to the phantom 
sample for which the relative reflectance spectrum is being calculated. 
 In order to determine the sensitivity of the probes to detecting scattering 
differences among samples, Student’s T-tests were run to compare each sample data set 
against the other data sets of samples individually (µs’=0.6 vs µs’=0.7, µs’=0.6 vs µs’=0.8, 
etc). The parameters of the Student’s T-tests assumed two-tailed distributions of unequal 
variances, and the threshold to determine statistical significance was for p<0.05. These 
€ 
Rrel λ( ) =
phantom λ( )− dark λ( )
reference λ( )− dark λ( )
€ 
λ
€ 
λ
€ 
λ
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tests were performed on both the integral of the spectra as well as on the spectral data 
itself (number of counts at each wavelength). 
4.1.3 Results 
The averaged spectra for all phantom samples, dark measurements, and a set of 
reference measurements are shown in Figure 36. The results from the integral approach 
of analysis are shown in Figure 37.  
Table 4 contains the p-values obtained from the Student’s T-tests for the integral 
approach while Table 5 through Table 10 show the p-values for the spectral approach. 
Conversely, Figure 38 shows the relative reflectance spectra of all phantoms, which was 
calculated using equation 2. 
 
Figure 36: Averaged spectra of all measured PS phantoms, dark, and representative 
reference measurements. Tests performed using the glass-based probe and Princeton 
Instruments spectrometer with a 10 seconds integration time. 
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Figure 37: Average area under each phantom sample. Error bars represent +/- one 
standard deviation. Tests performed using the glass-based probe and Princeton Instruments 
spectrometer with a 10 seconds integration time. 
 
Table 4: P-values obtained from comparing the area under the spectra of each phantom 
against each other. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 2.2E-11 2.9E-07 1.1E-12 2.5E-10 6.8E-10 2.8E-12 2.3E-14 4.8E-12 
µs'=0.7 - 0.59041 2.0E-09 1.6E-08 1.6E-08 8.3E-11 8.8E-13 7.4E-12 
µs'=0.8 - - 2.7E-05 1.5E-09 1.6E-05 2.7E-11 3.1E-10 1.5E-07 
µs'=0.91 - - - 3.1E-07 4.7E-06 6.1E-10 9.0E-12 1.4E-11 
µs'=0.99 - - - - 1.2E-05 1.5E-09 5.3E-09 6.6E-06 
µs'=1.07 - - - - - 6.6E-08 9.8E-09 1.4E-14 
µs'=1.16 - - - - - - 0.21557 1.7E-05 
µs'=1.24 - - - - - - - 3.9E-06 
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Table 5: P-values obtained from comparing the number of counts of each phantom against 
each other at 450 nm. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 0.61780 1.2E-02 5.2E-03 1.4E-02 7.3E-05 9.6E-03 1.3E-03 2.2E-04 
µs'=0.7 - 2.0E-02 5.8E-03 2.4E-02 7.6E-05 1.6E-02 2.0E-03 3.2E-04 
µs'=0.8 - - 0.37395 0.97134 1.4E-03 0.52652 4.8E-02 4.7E-03 
µs'=0.91 - - - 0.44342 3.3E-03 0.94920 0.09518 1.2E-02 
µs'=0.99 - - - - 1.9E-03 0.56156 0.05585 5.4E-03 
µs'=1.07 - - - - - 1.0E-02 1.5E-01 1.00000 
µs'=1.16 - - - - - - 1.7E-01 1.8E-02 
µs'=1.24 - - - - - - - 0.19363 
 
 
 
Table 6: P-values obtained from comparing the number of counts of each phantom against 
each other at 550 nm. Tests performed using the glass-based probe and Princeton 
Instruments spectrometer with a 10 seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 1.8E-07 9.3E-06 1.6E-06 2.1E-10 1.1E-08 1.2E-07 8.3E-08 2.0E-09 
µs'=0.7 - 5.0E-02 1.2E-03 4.2E-08 1.1E-05 3.4E-08 1.7E-08 5.7E-08 
µs'=0.8 - - 4.5E-03 4.5E-07 2.3E-04 6.8E-06 8.3E-06 1.4E-05 
µs'=0.91 - - - 2.5E-06 7.4E-04 5.1E-12 3.1E-12 3.1E-06 
µs'=0.99 - - - - 4.3E-07 5.3E-04 4.2E-03 4.1E-05 
µs'=1.07 - - - - - 4.1E-07 3.4E-07 1.6E-05 
µs'=1.16 - - - - - - 1.3E-05 2.6E-06 
µs'=1.24 - - - - - - - 3.7E-06 
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Table 7: P-values obtained from comparing the number of counts of each phantom against 
each other at 650 nm. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 0.15826 0.16495 2.2E-05 7.5E-11 9.4E-09 1.2E-12 1.9E-09 1.8E-12 
µs'=0.7 - 0.92654 6.1E-05 2.0E-09 4.5E-07 4.1E-12 3.6E-08 1.6E-11 
µs'=0.8 - - 9.7E-05 9.4E-09 1.1E-06 1.9E-11 7.7E-08 8.2E-11 
µs'=0.91 - - - 5.0E-08 4.2E-06 3.3E-11 1.1E-07 1.6E-10 
µs'=0.99 - - - - 2.8E-03 1.9E-10 9.1E-08 1.3E-09 
µs'=1.07 - - - - - 2.9E-08 5.4E-13 6.7E-08 
µs'=1.16 - - - - - - 1.0E-02 6.7E-06 
µs'=1.24 - - - - - - - 2.8E-04 
 
 
 
 
Table 8: P-values obtained from comparing the number of counts of each phantom against 
each other at 750 nm. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 4.6E-03 8.5E-06 3.3E-08 1.6E-10 1.1E-11 4.0E-10 1.8E-12 8.7E-14 
µs'=0.7 - 2.2E-04 2.7E-10 2.0E-08 3.1E-09 2.4E-08 9.4E-16 3.8E-13 
µs'=0.8 - - 3.0E-05 3.2E-09 4.7E-11 7.5E-11 3.0E-10 1.5E-11 
µs'=0.91 - - - 5.0E-07 1.2E-08 4.7E-08 5.5E-15 6.4E-13 
µs'=0.99 - - - - 3.3E-08 3.0E-09 1.0E-09 9.3E-11 
µs'=1.07 - - - - - 6.1E-08 3.7E-08 1.0E-08 
µs'=1.16 - - - - - - 0.48407 6.4E-03 
µs'=1.24 - - - - - - - 1.4E-04 
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Table 9: P-values obtained from comparing the number of counts of each phantom against 
each other at 850 nm. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 5.3E-11 1.0E-08 3.7E-13 7.9E-14 5.2E-09 5.1E-09 8.8E-11 8.3E-14 
µs'=0.7 - 1.8E-03 9.2E-11 4.1E-12 3.9E-04 1.4E-07 3.1E-09 6.7E-12 
µs'=0.8 - - 5.8E-08 2.9E-08 1.8E-05 8.1E-09 2.8E-10 7.1E-09 
µs'=0.91 - - - 9.2E-07 3.4E-10 6.0E-05 5.3E-07 3.9E-07 
µs'=0.99 - - - - 2.6E-10 2.9E-02 5.6E-05 0.06204 
µs'=1.07 - - - - - 5.8E-09 7.9E-11 5.7E-11 
µs'=1.16 - - - - - - 2.1E-03 0.13358 
µs'=1.24 - - - - - - - 9.4E-05 
 
 
 
 
Table 10: P-values obtained from comparing the number of counts of each phantom against 
each other at 950 nm. Cells with bold text mark instances where no significant statistical 
difference was detected between the samples corresponding to such row and column. Tests 
performed using the glass-based probe and Princeton Instruments spectrometer with a 10 
seconds integration time. 
Sample µs'=0.7 µs'=0.8 µs'=0.91 µs'=0.99 µs'=1.07 µs'=1.16 µs'=1.24 µs'=1.32 
µs'=0.6 1.1E-07 1.4E-05 4.3E-11 2.0E-11 5.5E-12 5.6E-10 4.8E-13 2.4E-11 
µs'=0.7 - 0.75414 1.7E-07 8.4E-11 1.9E-10 1.5E-11 1.2E-11 5.8E-12 
µs'=0.8 - - 2.6E-05 7.4E-08 1.8E-07 8.7E-10 2.5E-08 5.6E-09 
µs'=0.91 - - - 1.1E-09 1.2E-09 1.1E-09 8.4E-12 6.8E-11 
µs'=0.99 - - - - 1.4E-02 2.0E-07 3.3E-08 7.4E-08 
µs'=1.07 - - - - - 1.1E-07 6.1E-09 2.4E-08 
µs'=1.16 - - - - - - 0.10078 0.08942 
µs'=1.24 - - - - - - - 0.82539 
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Figure 38: Relative reflectance spectra of measured PS phantoms by reduced scattering 
coefficient (µs’). Tests performed using the glass-based probe and Princeton Instruments 
spectrometer with a 10 seconds integration time. 
 
The statistical analysis suggest that the probe was able to detect significant 
differences among most samples with the integral (area under spectra) analysis approach, 
while less differences of statistical significance were found between samples using the 
spectral analysis approach. The only tested wavelength at which all samples were deemed 
statistically different was at 550 nm and the tested wavelength at which the least 
significant differences were found was 450 nm. In general, all data from this set of 
measurements seems noisy and unreliable. This provided grounds for the next validation 
experiments to try different instrumentation combinations. 
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4.2 OPTRODE VALIDATION USING FAT EMULSION-BASED PHANTOMS 
A set of fat emulsion (Intralipid®)-based liquid phantoms was used to 
characterize both probe types. The idea of validating both kinds of probes with the same 
phantom type was to provide means to compare their performance at detecting scattering 
changes under similar conditions. This kind of liquid phantoms is widely used in the 
biomedical optics field as the distribution of particle sizes and biological content make 
for tissue-like optical properties. Intralipid®-based phantoms have been well 
characterized over a wide wavelength range [49, 50] as well as using very similar 
geometries as the one used in this work [51]. 
4.2.1 Materials 
The probe holding fixture and hardware setup for taking optical measurements 
was essentially the same as described before in the 4.1.1 subsections. 
4.2.2 Methods 
4.2.2.1 Phantom Making 
Liquid phantoms for this set of experiments were made from 20% Intralipid® 
(Sigma-Aldrich, phospholipid fat emulsion), which was diluted to various other 
concentrations with DI water so as to achieve various scattering coefficient values. 
Phantom samples were prepared with 0.2%, 0.25%, 0.5%, 1%, 2%, 5%, 10% and 20% 
Intralipid® concentration by volume, which correspond to a wide range of reduced 
scattering coefficient values, µs’, from 0.5 mm-1 to 200+ mm-1, which not only include 
the range of brain tissue values but other biological tissues as well [50, 52], for visible 
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and near infrared (NIR) wavelengths. The high reduced scattering coefficient values are 
also comparable to those of collagen (in the order of tens of mm-1), which is often 
associated with scar tissue formation [68, 69], and are therefore relevant to this work. 
Each intralipid phantom was placed in an individual well of a standard 12-well 
cell culture plate, as shown in Figure 39. The wells were filled near their maximum 
capacity (~5 ml) so as to give the probe easy access and ability to be dipped inside each 
phantom. 
 
Figure 39: Intralipid®-based phantoms placed in a 12-well cell culture plate for optical 
measurements; volume percent marked on the lid for each well. 
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4.2.2.2 Spectral Measurement Acquisition 
A different spectrometer was used for this set of measurements because of the 
substantially noisy region that the results from the other liquid phantoms yielded for the 
wavelength range between 400 and 500 nm. This time, a custom-made spectrometer by 
Avantes (Netherlands), designed by Dr. Irving Bigio and Dr. Ousama A’amar from 
Boston University, was used to perform the measurements. The spectrometer features a 
back-thinned CCD detector with 2048 pixels of 500 µm in height, a 16-bit AD converter, 
and order-sorting coating with 350 and 600 nm long-pass filter for grating with 600 
lines/mm and 500 nm blaze. This system comes as a custom-made box that houses the 
spectrometer, a xenon (pulsed) arc lamp (Hamamatsu, L1194X), a suitable power supply, 
and a dedicated computer for controlling the unit with a touch screen interface (Industrial 
Panel PC, IPC-D5212T/LH, running Windows 7). 
Although this system comes with its own light source, the measurements were 
taken using the same broad band CW white light source (Laser Driven Light Source) 
used for the PS-based phantoms because of its brightness and the integration time 
limitation of this new instrument (416 milliseconds maximum). Given that the acquisition 
time per measurement of this system is in the order of milliseconds, rather than several 
seconds as with the other spectrometer, 10 measurements were taken from each sample 
so as to get better sample size for statistical analysis purposes. These measurements were 
taken one after the other with no delay between them and the scanned wavelength range 
was between 400 and 900 nm. 
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Each phantom was measured by dipping the probe into it having the tip of the 
probe immersed an approximate distance of 5 mm from the surface. The well containing 
the phantom being measured was placed on top of the white reference reflectance 
standard so as to provide a standard backing for all measurements. Reference 
measurements, on dark and white reflectance standards, were performed in the same way 
as previously described in section 4.1.2.2. 
4.2.2.3 Probe cleaning 
The devices with glass waveguides were cleaned right after measuring each 
phantom sample by an initial DI water rinse from a squirt bottle, followed by a few 
downward wiping strokes with a cotton swab soaked with isopropyl alcohol (IPA), then a 
second DI water rinse, and lastly a gentle blow dry with a compressed air can. 
The probes with polymer waveguides were cleaned similarly as the glass 
waveguide devices except that a squirt of IPA was used instead of the swab-wiping step, 
which had the same intended mechanical scrubbing action but no actual contact of a 
foreign object to the probe other than the solvent itself. 
4.2.2.4 Data Analysis 
Data collected from all samples was analyzed following the same steps as 
previously described in section 4.1.2.4 and the same graphs were generated for the 
measurement sets of each probe type. 
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4.2.3 Results 
The averaged spectra for all phantom samples, dark measurements, and a set of 
reference measurements are shown in Figure 40 for the glass waveguide devices and in 
Figure 41 for the polymer waveguide probes. The average integral values of each sample 
spectra and their standard deviation are shown in Figure 42 and Figure 43 for the glass 
and polymer waveguide devices respectively. Similarly, Table 11 and Table 12 show the 
calculated p-values from the integral data for the glass and polymer probes, while Table 
13 to Table 17 and Table 18 to Table 22 contain the p-values from the analysis at 450, 
550, 650, 750, and 850 nm corresponding to the glass and polymer-based devices. 
Conversely, Figure 44 and Figure 45 show the relative reflectance spectra of all phantoms 
for both kinds of probes, glass and polymer, respectively. 
 
Figure 40: Averaged spectra of all intralipid phantoms, dark, and a set of reference 
measurements, all taken with a glass-based probe. LDLS source, Avantes spectrometer, 416 
ms integration time. 
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Figure 41: Averaged spectra of all intralipid phantoms, dark, and a set of reference 
measurements, all taken with a polymer-based probe. LDLS source, Avantes spectrometer, 
416 ms integration time. 
 
 
Figure 42: Average integral values of intralipid phantom spectra by sample. Error bars 
signify +/- one standard deviation. Data acquired with a glass-based probe using LDLS 
source and Avantes spectrometer at 416 ms integration time. 
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Figure 43: Average integral values of intralipid phantom spectra by sample. Error bars 
signify +/- one standard deviation. Data acquired with a polymer-based probe using LDLS 
source and Avantes spectrometer at 416 ms integration time. 
 
 
Table 11: P-values resulting from comparison among samples by their integral value. Data 
collected with a glass-based device using LDLS source and Avantes spectrometer at 416 ms 
integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 2.10E-41 2.10E-32 2.04E-31 4.70E-34 2.08E-32 5.58E-39 1.05E-39 
0.25% IL - 1.14E-08 1.09E-11 2.10E-16 8.65E-21 3.14E-24 9.02E-29 
0.5% IL - - 5.66E-11 1.21E-18 5.82E-27 8.03E-19 9.15E-23 
1% IL - - - 1.05E-15 4.81E-26 4.88E-18 6.54E-22 
2% IL - - - - 8.29E-23 3.20E-18 5.97E-23 
5% IL - - - - - 4.94E-14 4.07E-20 
10% IL - - - - - - 4.88E-19 
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Table 12: P-values resulting from comparison among samples by their integral value. Data 
collected with a polymer-based device using LDLS source and Avantes spectrometer at 416 
ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 1.46E-33 2.56E-25 2.52E-43 1.95E-51 8.86E-50 4.95E-31 4.34E-43 
0.25% IL - 9.85E-35 2.02E-43 4.61E-51 2.71E-47 1.19E-30 3.23E-41 
0.5% IL - - 2.35E-34 3.47E-42 4.53E-39 1.87E-29 1.17E-36 
1% IL - - - 9.94E-47 6.12E-52 1.81E-31 3.29E-46 
2% IL - - - - 1.35E-47 4.11E-30 1.12E-43 
5% IL - - - - - 1.54E-29 3.84E-49 
10% IL - - - - - - 9.98E-36 
 
Table 13: P-values resulting from comparison among samples by their number of counts at 
450 nm. Data collected with a glass-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. Values in bold mark instances where no significant 
statistical difference was found between the samples corresponding to the row and column 
of that cell. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 9.86E-24 2.12E-28 1.41E-28 7.81E-26 3.20E-22 1.47E-24 1.29E-25 
0.25% IL - 0.020765 3.75E-04 4.61E-09 5.87E-16 3.05E-18 3.65E-19 
0.5% IL - - 0.095933 1.23E-05 6.64E-11 3.64E-15 3.65E-18 
1% IL - - - 1.05E-03 9.53E-10 3.47E-14 2.19E-17 
2% IL - - - - 7.82E-10 3.80E-15 5.77E-18 
5% IL - - - - - 4.01E-11 1.01E-14 
10% IL - - - - - - 1.17E-10 
 
Table 14: P-values resulting from comparison among samples by their number of counts at 
550 nm. Data collected with a glass-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 1.40E-32 3.04E-33 1.95E-27 1.01E-33 8.28E-33 1.13E-32 1.48E-32 
0.25% IL - 1.87E-09 5.22E-12 1.26E-13 3.75E-18 1.96E-16 1.19E-22 
0.5% IL - - 5.87E-04 3.80E-08 3.86E-15 3.18E-15 3.70E-21 
1% IL - - - 9.41E-06 1.12E-13 8.79E-13 4.10E-19 
2% IL - - - - 3.52E-11 1.23E-13 2.02E-19 
5% IL - - - - - 3.28E-09 1.47E-16 
10% IL - - - - - - 1.16E-08 
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Table 15: P-values resulting from comparison among samples by their number of counts at 
650 nm. Data collected with a glass-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 6.78E-31 2.09E-30 3.08E-34 2.70E-29 3.33E-33 4.10E-24 4.83E-25 
0.25% IL - 6.84E-05 7.77E-09 4.47E-12 5.85E-19 1.15E-18 1.38E-22 
0.5% IL - - 2.39E-04 2.27E-09 1.09E-17 3.79E-18 3.02E-22 
1% IL - - - 1.06E-06 1.17E-17 1.37E-16 1.10E-20 
2% IL - - - - 3.80E-14 1.07E-16 2.52E-21 
5% IL - - - - - 2.28E-11 1.01E-17 
10% IL - - - - - - 1.65E-13 
 	  
Table 16: P-values resulting from comparison among samples by their number of counts at 
750 nm. Data collected with a glass-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. Values in bold mark instances where no significant 
statistical difference was found between the samples corresponding to the row and column 
of that cell. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 5.17E-33 3.14E-33 1.17E-33 1.24E-31 3.31E-33 2.20E-31 1.58E-31 
0.25% IL - 0.989950 6.73E-03 9.22E-10 8.58E-15 6.49E-20 2.87E-20 
0.5% IL - - 0.019232 7.13E-08 8.57E-14 6.95E-17 1.26E-20 
1% IL - - - 5.42E-07 9.97E-14 1.67E-18 2.32E-20 
2% IL - - - - 6.48E-11 4.20E-18 2.06E-18 
5% IL - - - - - 1.20E-11 4.88E-17 
10% IL - - - - - - 9.49E-13 
 	  
Table 17: P-values resulting from comparison among samples by their number of counts at 
850 nm. Data collected with a glass-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. Values in bold mark instances where no significant 
statistical difference was found between the samples corresponding to the row and column 
of that cell. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 1.56E-31 4.70E-36 1.12E-34 2.04E-30 3.64E-30 2.99E-29 2.37E-33 
0.25% IL - 0.422945 0.068342 3.04E-07 3.36E-13 1.50E-17 8.95E-19 
0.5% IL - - 4.11E-03 1.81E-10 3.49E-13 1.13E-16 3.32E-24 
1% IL - - - 3.71E-07 1.10E-12 4.96E-17 2.81E-21 
2% IL - - - - 1.08E-08 9.86E-13 2.07E-23 
5% IL - - - - - 2.29E-11 1.85E-15 
10% IL - - - - - - 1.74E-11 
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Table 18: P-values resulting from comparison among samples by their number of counts at 
450 nm. Data collected with a polymer-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. Values in bold mark instances where no significant 
statistical difference was found between the samples corresponding to the row and column 
of that cell. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 1.07E-16 2.14E-20 2.02E-20 4.59E-16 2.17E-09 1.31E-24 4.40E-23 
0.25% IL - 8.50E-13 3.97E-12 0.955373 1.70E-16 5.27E-25 1.58E-20 
0.5% IL - - 1.59E-05 2.59E-13 1.20E-21 1.73E-27 1.58E-26 
1% IL - - - 3.88E-11 7.22E-21 3.68E-28 9.38E-25 
2% IL - - - - 2.42E-18 1.01E-25 4.12E-26 
5% IL - - - - - 4.95E-22 2.72E-24 
10% IL - - - - - - 8.99E-19 
 
Table 19: P-values resulting from comparison among samples by their number of counts at 
550 nm. Data collected with a polymer-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 2.48E-18 6.22E-16 1.87E-21 2.19E-32 2.20E-38 1.31E-36 6.07E-37 
0.25% IL - 8.16E-10 2.63E-24 1.10E-32 2.40E-37 4.05E-38 1.66E-38 
0.5% IL - - 1.48E-26 9.88E-34 1.10E-41 4.97E-32 2.70E-32 
1% IL - - - 5.90E-31 2.30E-40 2.03E-32 7.82E-33 
2% IL - - - - 4.02E-36 4.74E-33 5.49E-34 
5% IL - - - - - 1.95E-27 3.53E-30 
10% IL - - - - - - 6.73E-34 
 
Table 20: P-values resulting from comparison among samples by their number of counts at 
650 nm. Data collected with a polymer-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 1.37E-12 5.77E-15 1.16E-25 6.84E-28 2.50E-39 2.30E-42 2.47E-46 
0.25% IL - 2.35E-19 2.08E-29 2.05E-37 2.19E-34 3.10E-35 3.07E-42 
0.5% IL - - 2.76E-25 1.49E-29 8.34E-39 3.82E-41 8.90E-47 
1% IL - - - 1.58E-29 5.25E-36 4.90E-38 3.41E-45 
2% IL - - - - 4.76E-29 1.21E-31 9.39E-39 
5% IL - - - - - 3.44E-35 5.87E-42 
10% IL - - - - - - 5.39E-36 
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Table 21: P-values resulting from comparison among samples by their number of counts at 
750 nm. Data collected with a polymer-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 3.72E-13 7.26E-16 5.43E-28 4.20E-31 4.33E-38 7.35E-35 7.14E-43 
0.25% IL - 4.51E-23 3.72E-29 1.29E-36 3.12E-34 4.56E-30 2.87E-37 
0.5% IL - - 1.76E-23 1.32E-34 1.51E-29 5.99E-27 1.41E-32 
1% IL - - - 5.64E-28 2.24E-35 2.16E-32 9.95E-41 
2% IL - - - - 3.48E-29 1.59E-27 6.87E-35 
5% IL - - - - - 3.09E-30 1.02E-39 
10% IL - - - - - - 3.36E-32 
 
Table 22: P-values resulting from comparison among samples by their number of counts at 
850 nm. Data collected with a polymer-based device using LDLS source and Avantes 
spectrometer at 416 ms integration time. 
Sample 0.25% IL 0.5% IL 1% IL 2% IL 5% IL 10% IL 20% IL 
0.2% IL 5.83E-11 4.65E-13 5.41E-26 1.70E-28 1.54E-38 7.53E-34 3.01E-39 
0.25% IL - 4.07E-16 1.28E-23 9.06E-34 1.08E-28 1.54E-24 2.93E-27 
0.5% IL - - 2.48E-26 2.17E-31 1.13E-38 4.84E-31 4.44E-36 
1% IL - - - 8.11E-29 7.81E-37 1.35E-29 1.27E-34 
2% IL - - - - 2.02E-30 2.26E-25 1.16E-29 
5% IL - - - - - 6.05E-27 1.82E-34 
10% IL - - - - - - 2.42E-32 
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Figure 44: Relative reflectance spectra of all intralipid phantoms measured with a glass 
waveguide probe using LDLS source and Avantes spectrometer at 416 ms integration time. 
 
 
Figure 45: Relative reflectance spectra of all intralipid phantoms measured with a polymer 
waveguide probe using LDLS source and Avantes spectrometer at 416 ms integration time. 
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The acquired data for these sets of measurements was better than that acquired for 
the PS liquid phantoms given that it does not show as much noise and the traces look 
generally cleaner. The statistical analysis of the integral values (area under spectra) 
dictate that both probe types were able to detect significant differences among samples 
(all p-values were under 0.05, which was established as the threshold to deem significant 
statistical difference), while the analysis at selected wavelengths indicated that only the 
polymer-based probe was able to detect a difference among all samples at wavelengths 
above 450 nm (only samples with 0.25% intralipid (IL) and 2% IL at 450 nm could not 
be deemed statistically significantly different). The glass-based probe failed detect 
statistical significant difference in between the samples with 0.5% IL and 1% IL at 450 
nm, between 0.25% IL and 0.5% IL at 750 nm, and between 0.25% IL with 0.5% IL, and 
1% IL at 850 nm (bolded values in respective tables). 
The abnormally high integral value of the sample with 0.2% IL that corresponds 
to the also abnormally different (blue) trace in Figure 40 may have been due to the use of 
the white reflectance standard as backing for the sample well, which combined with the 
low turbidity of the sample may have caused the collection of increased number of counts 
than it would have had if a bigger sample volume would have been interrogated. This is a 
plausible explanation for this stray data point but its true cause was not investigated. 
A qualitative look at all presented graphs resulting from this analysis suggests that 
the polymer-based optrode has superior sensitivity to scattering than the glass-based 
probe, as it was suspected due to the difference in their waveguide cross-section (625 
µm2 vs 175 µm2). 
	  	  
80	  
An additional way to compare performance between probe types is to plot the 
scatterer concentration versus the number of counts at a particular wavelength. Literature 
has shown that there is a linear relationship between these parameters [46], thus a good 
way to assess probe performance is to produce these plots. Figure 46 and Figure 47 show 
the relationship between the IL% and number of counts at 635 nm for the data sets 
acquired with glass and polymer-based devices respectively. The 635 nm wavelength was 
chosen for this comparison because this same wavelength was used to compute the 
phantom-making table for the PS phantoms. 
 
Figure 46: Intralipid concentration vs. relative reflectance at 635 nm acquired with glass-
based optrode. Red data point indicates the abnormal value from the 0.2% IL sample, 
which was left out of the data used to generate the linear fit. 
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Figure 47: Intralipid concentration vs relative reflectance at 635 nm acquired with polymer-
based optrode. 	  
Although both probes yield a relatively good linear fit, the slope of such fit is 
shallower for the glass-based probe and steeper for the polymer-based probe and neither 
fit shows a one-to-one relationship between intralipid concentration and relative 
reflectance. Ideally, the relationship should be, for example, that the relative reflectance 
be twice the value at 0.5% IL than that at 0.25%, so that if the concentration is doubled, 
the relative reflectance is also doubled. Further testing was done to prove this theory and 
the testing conditions were revised so as to prevent count contribution by reflections from 
sample vials. These conditions and the results of the new set of experiments are explained 
in the next section. 
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4.2.4 Revised Experimental Conditions and Results 
Additional tests were performed to attempt to prove the theoretical linear 
relationship that the intralipid concentration vs. relative reflectance curve should have by 
using a bare MT connector instead of having an optrode butt-coupled and glued to the 
MT output facets (see Figure 48). Given that the optical fibers running through the MT 
connector are bigger than the optrode waveguides, the integration time of the 
spectrometer was reduced to 10 ms in order to not saturate the detector. This second 
round of measurements were performed using a 10 ml sample volume contained in a 
larger vial with its internal walls painted matte black to avoid contribution from container 
wall reflections (see Figure 49). 
 
Figure 48: Picture of bare MT connector used to take second set of intralipid phantom 
measurements. Droplet of water hanging from output facets and showing white light 
coming out of one of them. 
 
	  	  
83	  
 
Figure 49: Matte black-painted vial used for second round of intralipid phantom 
measurements. 
 
A fresh set of intralipid samples were made to 0.25%, 0.5%, 1%, and 2% 
concentrations, which still covers the range of typical scattering coefficient values of 
brain tissue (concentration range from 0.5% IL to 2% IL). The averaged spectra of all 
phantom samples, dark and reference measurements are shown in Figure 50. The average 
integral values of each sample spectra and their standard deviation are captured in Figure 
51, The relative reflectance spectra of all samples are depicted in Figure 52 while the 
intralipid concentration vs. relative reflectance at 635 nm is plotted in Figure 53. 
The statistical analysis of this second round of measurements yielded very 
significant difference among all samples in both integral and by-wavelength approaches 
(all p-values were less than 1 x 10-29, tables not shown). 
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Figure 50: Averaged spectra of intralipid phantoms, dark, and a set of reference 
measurements taken with bare MT connector using LDLS source and Avantes 
spectrometer at 10 ms integration time. 	  
 
Figure 51: Average integral values of intralipid phantom spectra by sample. Error bars 
signify +/- one standard deviation. Data acquired with a bare MT connector using LDLS 
source and Avantes spectrometer at 10 ms integration time. 
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Figure 52: Relative reflectance spectra of all intralipid samples measured with bare MT 
connector using LDLS source and Avantes spectrometer at 10 ms integration time. 
 
Figure 53: Intralipid concentration vs. relative reflectance at 635 nm. Data acquired with 
bare MT connector using LDLS source and Avantes spectrometer at 10 ms integration time. 
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These data confirm that there is indeed a linear relationship between the scattering 
coefficient (proportional to intralipid concentration) and the relative reflectance value, as 
Figure 53 shows that one parameter doubles when the other doubles. This relationship 
can also be seen in the integral analysis, where the area under the spectra doubles as the 
intralipid concentration doubles. The graph of relative reflectance as a function of 
wavelength is also cleaner than the same graphs of previous measurements. 
A third set of measurements was taken on the same set of phantoms with a 
polymer-based probe and using the same hardware and procedure as for the MT 
measurements. This time, the optrode top cladding was painted before it was assembled 
to its MT connector with the same matte black paint as the phantom vial (see Figure 54). 
The painting of the top cladding of the probe was done to attempt to isolate the probe 
from external sources of noise (stray light coupling) and cross-talk between channels 
(waveguides). 
The averaged spectra of all phantom samples, dark and reference measurements 
are shown in Figure 55. The average integral values of each sample spectra and their 
standard deviation are captured in Figure 56. The relative reflectance spectra of all 
samples are depicted in Figure 57 while the intralipid concentration vs relative 
reflectance at 635 nm is plotted in Figure 58. 
The statistical analysis of this third set of measurements yielded very significant 
difference among all samples in both integral and by-wavelength approaches (all p-values 
were less than 1 x 10-20, tables not shown) except when comparing the number of counts 
at 450 nm between samples with 0.5% IL, 1% IL and 2% IL concentrations. The lack of 
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significant statistical difference at wavelength of 450 nm could be due to a higher 
absorption of the hybrid polymer that makes up the waveguides below 450 nm, as its 
optical transparency becomes greater than 90% above the 450 nm cutoff (see hybrid 
polymer optical properties in Figure 8). 
 
Figure 54: Picture of matte black-painted polymer-based probe during assembly process. 
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Figure 55: Averaged spectra of intralipid phantoms, dark, and a set of reference 
measurements taken with black-painted polymer-based probe using LDLS source and 
Avantes spectrometer at 416 ms integration time. 
 
 
Figure 56: Average integral values of intralipid phantom spectra by sample. Error bars 
signify +/- one standard deviation. Data acquired with a black-painted polymer-based probe 
using LDLS source and Avantes spectrometer at 416 ms integration time. 
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Figure 57: Relative reflectance spectra of all intralipid samples measured with black-
painted polymer-based probe using LDLS source and Avantes spectrometer at 416 ms 
integration time. 
 
 
Figure 58: Intralipid concentration vs. relative reflectance at 635 nm. Data acquired with 
black-painted polymer-based probe using LDLS source and Avantes spectrometer at 416 
ms integration time. 
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The steeper slope of the intralipid concentration vs. relative reflectance at 635 nm 
plot, in comparison to the same plots from the previous sets of measurements seems to 
indicate that, although the number of counts was substantially less (about 3x less) than 
that of measurements taken with non-painted polymer-based probe, the actual collected 
photons were really captured from having interacted with the samples, rather than 
collected from stray light. The fact that the overall number of counts was lower under 
same instrument and integration time conditions points to potential high losses within the 
waveguides and/or photon leakage through the cladding layer, therefore lost by 
absorption in the paint in this case or conversely, explain higher counts in the non-painted 
probe due to the same leakage in the cladding that makes coupling of ambient light into 
the probe easier or more likely to happen. 
In summary, the slope of the linear fit from Figure 47 (m=0.0389), corresponding 
to the non-painted polymer-based probe, is one order of magnitude smaller than that of its 
painted probe counterpart under the same testing conditions (m=0.1353, Figure 58), which 
seems to support the theory of crosstalk between the excitation and collection channels. 
Alternatively the slope of the linear fit for the tests performed without the probe and only 
the bare MT connector (Figure 53) shows the nearly ideal slope of m=0.477, which 
confirms the one-to-one correspondence of relative reflectance to intralipid concentration 
and also suggests a correlation of crosstalk and slope (the shallower the slope, the more 
crosstalk between channels and consequently, the poorer probe performance). 
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CHAPTER 5 – CONCLUSION 
This research work was focused on developing an implantable optrode that can 
detect changes in tissue optical properties. The main reason for being able to detect those 
changes is so that it can characterize the tissue electrode interface at the implantation site. 
Said characterization is assumed to be possible given the previously discussed 
mechanisms that are believed characterize the immune response to a foreign body in the 
brain. The formation of glial scar over time, as response to implanted foreign bodies is 
believed to present an increase of electrical impedance for recording electrodes, which 
eventually isolates the neural signals from being picked up. Analog to this situation, it is 
believed that the increased cell density in the vicinity of brain tissue injury represents a 
local increase of optical density, and with it, an increase in scattering and absorption 
coefficients.  
Although the presented results from testing the optrodes of this work are not 
perfect, they do demonstrate that these probes can be sensitive enough to be used for the 
intended application. Additional fabrication and validation work could definitely improve 
the performance of these devices and other experiments can prove their applicability for 
other scientific fields such as optogenetics. 
On the fabrication side, further investment in process development for the hybrid 
polymer waveguide probes can substantially improve their performance. For one, the use 
of an adhesion promoter specifically designed for this hybrid polymeric system 
(OrmoPrime®08, Micro Resist Technology, Germany) could potentially decrease the 
likelihood of peeling of the patterned layers, which also implies that it is less likely for an 
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optrode to fail upon insertion into tissue. Another processing improvement can be made 
to these devices by exposing the polymer layers by projecting the UV light directly to the 
deposited film without using a photomask, as it has been proven that the use of these 
masks yield poor feature definition and refractive index non-uniformity due to the 
required gap between the mask and film (proximity exposure) [57]. 
Concerning the potential cross-talk problem discovered during validation testing 
of these devices, it is believed that part of it can be solved by resolving the refractive 
index non-uniformity (due to proximity exposure), and it can further be prevented by 
assembling the probe differently or somehow shielding the excess area on the butt-
coupled fibers coming from the MT connector from stray light and reflections that may 
come from surface interfaces, as shown in Figure 59. 
 
Figure 59: Picture showing how excess light delivered to an optrode device can skew 
measurements. 
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In regard to further experiments, chronic implantation in animal models is needed 
to fully prove the functionality of these devices for their intended use. Along with chronic 
studies, data analysis tool development is necessary in order to exploit the full potential 
of these optrodes, as much more information can be numerically extracted (by inverse 
modeling, for example) from spectral measurements than just detecting photon 
backscattering. This work in itself could be the subject of a whole dissertation. 
Fluorescence measurements could also be performed, in theory, with these probes and, if 
successful, these optrodes could be rendered a very powerful multifunctional tool for 
imaging, sensing, and optogenetics applications. 
It is believed that this modest work lays out the foundation of the development of 
a powerful tool that is slated to provide a better understanding of the physiology of the 
brain and therefore, improve therapies and technologies for treating a wide variety of 
neurologically and physically impaired people. 
 
	  	  
94	  
APPENDIX A: Photolithography at a glance 
Photolithography, or simply lithography, is a process by which thin films of 
photocurable materials can be patterned in a micro and nano scale. This process involves 
a series of steps and components that are fundamental in the fabrication of 
microelectromechanical systems (MEMS) and have been used for decades in the 
semiconductor industry, traditionally using circular silicon wafers as substrate. 
The main component of a lithographic process is the photoresist or photocurable 
agent. This is a chemical with high light absorption in the ultraviolet range that comes in 
liquid form and a range of viscosities that can be used for a variety of purposes in 
microfabrication such as sacrificial layer, dielectric layer, etching or deposition masks, or 
as structural support to serve as a mold. Different resists have different applications and 
their own characteristic spin curves, which are provided by the manufacturer and 
illustrate the relationship of film thickness as a function of spin speed. The film thickness 
of any spin coated substance increases with its viscosity and the slower it is spun on the 
substrate. The principal components of a photoresist are a resin, a solvent, and a 
photoactivator. The resin is basically the substance that remains on the substrate once the 
resist is cured, the solvent is what makes the resist exist in liquid form but is driven out of 
solution by evaporation while curing, and the photoactivator is the component that makes 
the resist to react upon exposure to UV light. A positive photoresist has a photoactivator 
that breaks down the crosslinks of the resin polymer matrix upon exposure to UV light 
and consequently makes the exposed material soluble in its corresponding developer 
solution. Alternatively, the role of the photoactivator in a negative photoresist is to 
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promote the crosslink formation in the exposed resin and therefore make soluble the rest 
of the unexposed material in a developer solution. 
The basic steps of the lithographic process are coating, exposing, and developing. 
Baking in between or after any of the basic steps is often used for various reasons but not 
always required or necessary. The coating step consists of spreading an even film of 
photoresist across the substrate, which is generally done by spin coating but it can also be 
by spray coating or even manually by paint brush depending on the application and 
required film quality. Spin coating is the most widely used technique for photoresist layer 
deposition on round substrates because it only takes controlling the spin speed to get a 
consistent film thickness; although spin time also affects the film thickness, the standard 
spin duration is 30 seconds unless otherwise noted in the photoresist data sheets (see 
Figure 60 for an example of a spin curve obtained from the data sheet of the 
OrmoCore/OrmoClad system). Another factor to consider prior to depositing a 
photoresist layer is the adhesion between the substrate surface and the coating. 
Hexamethyldisilazane (HMDS) is a widely used adhesion promoter for most photoresist 
systems. This chemical lowers the surface energy of the Si substrate as it leaves a non-
polar and hydrophobic surface after the treatment as opposed to its inherent polar nature. 
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Figure 60: Spin curve of solvent-free OrmoCore for 30s spin time (film thickness 
determined after UV exposure, post exposure bake, and development). Figure adapted from 
manufacturer data sheet. 
 
A soft bake step generally happens after the spin coating and before exposing. 
The purpose of this baking step is to homogenize the film as well as to drive a good part 
of the solvent out of the photoresist layer, which ends up solidifying in most cases. The 
wafer is next exposed to UV light as part of the curing process. This step is where the 
pattern of the structures that the film will have is defined. The pattern is given by having 
a photomask in between the substrate and the light source or by drawing the pattern with 
a laser. Most microfabrication processes use the photomask “printing” approach whereas 
nanofabrication processes use the maskless, laser-writing or “projecting” approach due to 
its higher feature resolution. When using a photomask, the exposure can be done either in 
contact or proximity modes, where the contact mode gives the best resolution but causes 
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more wear on the photomask and potential damage to the wafer while the proximity 
mode incurs in virtually no wear to the mask or damage to the wafer but has the 
resolution depend on the gap between the mask and substrate (approximately the square 
root of the exposing light wavelength and the gap distance). The resolution of the 
projection (maskless) systems is proportional to the ratio between the wavelength of the 
exposing light and the numerical aperture of the optics that focuses the light onto the 
substrate. Most photoresist systems, the ones that solidify at the softbake step, can be 
exposed in any mode whereas the resists that remain liquid throughout the process can 
only be exposed in proximity, if using a photomask. Different resists require different 
dosage of UV exposure to either 436 nm (know as “g-line”), 405 nm (h-line), or 365 nm 
(i-line), if using a gas-discharge light source, or wavelengths in the deep ultraviolet 
(DUV) like 248 nm, 193 nm, or 157 nm from lasers. The exposure dose is measured in 
amount of energy per unit area, usually in units of mJ/cm2, which translates to an amount 
of exposure time at a given light source power, and it is the amount of energy required for 
the photoactivator to do its job. The exposure dose generally increases as the photoresist 
film gets thicker. 
The last step in any lithographic process is the develop. In this step the substrate is 
rinsed or immersed in a developer solution to wash away the uncured or non-crosslinked 
parts of the photoresist film. Some systems, however, recommend a post exposure bake 
prior to developing so as to further increase adhesion of the film to the substrate. 
The developer solution consists of a solvent or mix of solvents that are compatible 
with the photoresist film being developed and targets the areas that have non-crosslinked 
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resin to be rinsed or washed away. The developing step can be done by spinning the 
developer solution on the substrate, by rinsing the substrate with the developer, or by 
immersing and agitating the substrate in the developer solution for a given amount of 
time. The developing time also increases as the photoresist film thickness increases. A 
hardbake step is sometimes required for some photoresist systems to drive the remaining 
solvents out of the resin; in other cases the hardbake provides an improved chemical, 
temperature, and mechanical resistance to the freshly patterned film. Figure 61 shows the 
exposing and developing steps using photomask and the difference in positive and 
negative photoresists. 
 
Figure 61: Exposure steps using a photomask in a) contact and b) proximity modes followed 
by the developing step of photoresists of c) positive and d) negative tones. 
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APPENDIX B: Fabrication Runsheet – OrmoCore/OrmoClad Design 
Table 23 shows every step of the fabrication process devised to produce optrode 
devices with OrmoCore/OrmoClad waveguides. Some wafers attempted to follow the full 
process while others only underwent the steps pertaining to the optical waveguide 
fabrication (to fabricate optrodes without electrodes). About half of these wafers used the 
bent waveguides design while the other half went through the straight waveguide set of 
masks. Due to process and chemical incompatibilities with the polymer materials, the 
probes used in this work followed an alternative release process, but both procedures are 
shown in the table below. 
Table 23: Fabrication process of the OrmoCore/OrmoClad optrode device design. The 
release steps marked with an asterisk were the ones followed to yield the devices validated 
in this work. 
Step # Description Parameters 
1 Starting substrate Standard 100 mm SSP bare Si wafer 
2 
O2 plasma clean 
O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
Electrode Layer 
3 Substrate dehydration Oven, 30 min @ 110°C Cool in drybox for 30 min 
4 
Spin LOR10A 
Two spin steps: 
1. 700 rpm @ 1000 rpm/s, 4 sec 
2. 3000 rpm @ 1000 rpm/s, 40 sec 
5 Softbake LOR10A Hotplate, 185°C, 5 min 
6 Spin AZ1518 4000 rpm @ 1000 rpm/s, 30 sec 
7 Softbake AZ1518 Oven, 92°C, 30 min 
8 Expose – electrode mask MA6 aligner tool: 5.3 sec exposure, contact mode 
9 
Develop AZ1518 
1. Immerse and agitate in AZ400K (1:4) DI, 35 
sec 
2. 5 min DI rinse 
3. SRD (Spin Rinse Dry) 
10 Hardbake Oven, 110°C, 30 min 
11 Develop LOR10A Immerse and agitate in MF319, 5 min 
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5 min DI rinse 
SRD (Spin Rinse Dry) 
12 Plasma descum O2 plasma: 500 sccm O2, 100 W, 3 min 
13 Hardbake Oven, 110°C, 30 min 
14 
Metal deposition 
Metal evaporation tool: 
1. 200 Å Ti 
2. 5000 Å Au 
15 
Metal liftoff 
1. Immerse wafer in 80°C SVC bath, 30 min 
2. Sonicate while in 80°C SVC bath, ~7 min 
3. Rinse in cleaner 80°C SVC bath 
4. 5 min DI rinse 
5. SRD (Spin Rinse Dry) 
Lower OrmoClad Layer 
16 IPA clean Spin IPA on substrate for 30 sec and spin dry 5 sec 
17 
O2 plasma clean 
O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
18 OrmoClad spin 10µm OrmoClad recipe: 4300 rpm @ 1000 rpm/s, 30 sec 
19 Prebake Hotplate, 80°C, 5 min 
20 Expose – Cladding mask MA6 aligner: 123 sec exposure, proximity mode 
21 
Post-Exposure Bake 
1. Place wafer on 80°C hotplate and set to 
130°C (wait until high temperature is 
reached ~4:30 min) 
2. Set temperature to 80°C and leave on 
hotplate for a total of 10 min (time from 
previous step included) 
3. Take wafer off hotplate and cool in cassette 
or case (not on counter); cool for 30 min 
22 
Develop OrmoClad 
1. Immerse and agitate in OrmoDev, 1 min 
2. Rinse thoroughly with IPA 
3. Blow dry with nitrogen 
OrmoCore Layer 
23 
O2 plasma clean 
O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
24 OrmoCore spin 25 µm OrmoCore recipe: 2750 rpm @ 1000 rpm/s, 30 sec 
25 Prebake Hotplate, 80°C, 5 min 
26 Expose – Core mask MA6 aligner: 123 sec exposure, proximity mode 
27 Post-Exposure Bake 1. Place wafer on 80°C hotplate and set to 
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130°C (wait until high temperature is 
reached ~4:30 min) 
2. Set temperature to 80°C and leave on 
hotplate for a total of 10 min (time from 
previous step included) 
3. Take wafer off hotplate and cool in cassette 
or case (not on counter); cool for 30 min 
28 
Develop OrmoCore 
1. Immerse and agitate in OrmoDev, 1 min 
2. Rinse thoroughly with IPA 
3. Blow dry with nitrogen 
Mirror Layer 
29 
O2 plasma clean 
O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
30 AZ9260 spin 3000 rpm @ 1000 rpm/s, 30 sec 
31 Softbake Oven, 92°C, 30 min 
32 Expose – Mirror mask MA6: multiple exposure (6 x 10 sec), proximity 
33 
Develop AZ9260 
1. Immerse and agitate in AZ400K (1:4) DI, 
3:30 min 
2. 5 min DI rinse 
3. SRD (Spin Rinse Dry) 
34 Plasma descum O2 plasma: 500 sccm O2, 100 W, 3 min 
35 Hardbake Oven, 110°C, 30 min 
36 Metal deposition Metal sputtering tool: 5000 Å of Al 
37 
Metal liftoff 
1. Immerse wafer in 80°C SVC bath, 30 min 
2. Sonicate while in 80°C SVC bath, ~7 min 
3. Rinse in cleaner 80°C SVC bath 
4. 5 min DI rinse 
5. SRD (Spin Rinse Dry) 
Upper OrmoClad Layer 
38 
O2 plasma clean 
O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
39 OrmoClad spin 35 µm OrmoClad recipe: 1800 rpm @ 1000 rpm/s, 30 sec 
40 Prebake Hotplate, 80°C, 5 min 
41 Expose – Cladding mask MA6 aligner: 123 sec exposure, proximity mode 
42 
Post-Exposure Bake 
1. Place wafer on 80°C hotplate and set to 
130°C (wait until high temperature is 
reached ~4:30 min) 
2. Set temperature to 80°C and leave on 
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hotplate for a total of 10 min (time from 
previous step included) 
3. Take wafer off hotplate and cool in cassette 
or case (not on counter); cool for 30 min 
43 
Develop OrmoClad 
1. Immerse and agitate in OrmoDev, 3 min 
2. Rinse thoroughly with IPA 
3. Blow dry with nitrogen 
Release Process 
44 HMDS spin Backside processing: 4000 rpm @ 1000 rpm/s, 30 sec, air dry 
45 AZ9260 spin Backside processing: 1000 rpm @ 1000 rpm/s, 30 sec 
46 Softbake Oven, 92°C, 30 min 
47 
Expose – Release mask 
Backside processing: 
MA6 in front-to-back alignment mode: 
multiple exposure (6 x 10 sec), contact mode 
48 
Develop AZ9260 
1. Immerse and agitate in AZ400K (1:4) DI, 
3:30 min 
2. 5 min DI rinse 
3. SRD (Spin Rinse Dry) 
49 Hardbake Oven, 110°C, 30 min 
50 
Prepare handle wafer 
Using a blank silicon oxide (SiO2) SSP wafer: 
1. Place a cross of ~5mm wide kapton tape 
through wafer center from side to side, up 
and down 
2. Spin AZ9260 @ 3000 rpm, 20 sec 
3. Remove kapton tape so as to leave a cross of 
bare SiO2 
51 
Handle wafer attach 
Attach device wafer on top of resist-coated face of 
handle wafer; align flats and have backside of 
device wafer facing up 
Place attached wafers in vacuum clamshell for 5 
min 
52 Softbake Hotplate, 95°C, 5 min 
53 
Backside dry etch 
Etch backside of device wafer using Deep Reactive 
Ion Etching tool until etching through (~1000 
cycles; use SiO2 as contrast to know when to stop) 
Process pressure = 20 mTorr 
Etching gasses: SF6 (130 sccm), O2 (13 sccm) 
Etching power = 800 W 
Etch time per cycle = 8 sec 
Passivation gas: C4F8 (100 sccm) 
Passivation power = 600 W 
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Passivation time per cycle = 5 sec 
54 
Singulate devices 
1. Soak processed wafer in acetone and agitate 
lightly to detach individual devices from 
handle wafer 
2. Rinse released devices with IPA and store in 
appropriate container in individual slots 
*Alternative Release Process 
44* 
Prepare for dicing 
1. Mount device wafer on UV tape attached to 
dicing ring frame while conditioning dicing 
blade 
2. Program dicing machine to perform desired 
dicing pattern 
45* Dice Load device wafer for dicing, align for cutting and start cutting program 
46* 
Release 
1. Unload device wafer from dicing machine 
and set the ring frame to expose UV tape 
2. After exposing, peel singulated devices from 
UV tape and store in appropriate container 
with individual slots 
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APPENDIX C: Fabrication Runsheet – Glass Waveguides Design 
Table 24 shows every step of the fabrication process devised to produce optrode 
devices with glass waveguides. These wafers only underwent the steps pertaining to the 
optical waveguide fabrication (to fabricate optrodes without electrodes). About half of 
these wafers used the bent waveguides design while the other half went through the 
straight waveguide set of masks. The probes used for validation ultimately followed the 
alternative release process due to tool unavailability for deep reactive ion etching release.  
Table 24: Fabrication process of glass-waveguide optrode devices. The release steps marked 
with an asterisk were the ones followed to yield the devices validated in this work. 
Step # Description Parameters 
1 Starting substrate 100 mm glass on Si wafer, 1 mm thick (PLC 
Connections, OH) 
2 O2 plasma clean O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
Core Layer 
3 Substrate dehydration Oven, 30 min @ 110°C 
Cool in drybox for 30 min 
4 Spin LOR10A Two spin steps: 
3. 700 rpm @ 1000 rpm/s, 4 sec 
4. 3000 rpm @ 1000 rpm/s, 40 sec 
5 Softbake LOR10A Hotplate, 185°C, 5 min 
6 Spin AZ1518 4000 rpm @ 1000 rpm/s, 30 sec 
7 Softbake AZ1518 Oven, 92°C, 30 min 
8 Expose – core mask MA6 aligner tool: 5.3 sec exposure, contact mode 
9 Develop AZ1518 4. Immerse and agitate in AZ400K (1:4) DI, 35 
sec 
5. 5 min DI rinse 
6. SRD (Spin Rinse Dry) 
10 Hardbake Oven, 110°C, 30 min 
11 Develop LOR10A 1. Immerse and agitate in MF319, 5 min 
2. 5 min DI rinse 
3. SRD (Spin Rinse Dry) 
12 Plasma descum O2 plasma: 
500 sccm O2, 100 W, 3 min 
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13 Hardbake Oven, 110°C, 30 min 
14 Metal deposition Metal sputtering tool: 5000 Å Al 
15 Metal liftoff 6. Immerse wafer in 80°C SVC bath, 30 min 
7. Sonicate while in 80°C SVC bath, ~7 min 
8. Rinse in cleaner 80°C SVC bath 
9. 5 min DI rinse 
10. SRD (Spin Rinse Dry) 
16 RIE ULVAC tool: 
Ar flow = 5.0 sccm 
O2 flow = 8.8 sccm 
C4F8 flow = 16 sccm 
RF power = 750 W 
Bias power = 100 W 
Etch 30 seconds and cool 60 seconds per cycle until 
core layer fully etched 
17 Strip Aluminum Mask Al wet etch: 
1. Immerse wafer in 80°C Al etchant bath until 
Al mask is fully etched (~2 min) 
2. DI water rinse, 5 min 
3. Spin-dry 
Mirror Layer 
18 O2 plasma clean O2 flow = 500 sccm 
Plasma power = 500 W 
Time = 2 min 
19 AZ9260 spin 3000 rpm @ 1000 rpm/s, 30 sec 
20 Softbake Oven, 92°C, 30 min 
21 Expose – Mirror mask MA6: multiple exposure (6 x 10 sec), proximity 
22 Develop AZ9260 4. Immerse and agitate in AZ400K (1:4) DI, 
3:30 min 
5. 5 min DI rinse 
6. SRD (Spin Rinse Dry) 
23 Plasma descum O2 plasma: 
500 sccm O2, 100 W, 3 min 
24 Hardbake Oven, 110°C, 30 min 
25 Metal deposition Metal sputtering tool: 5000 Å of Al 
26 Metal liftoff 6. Immerse wafer in 80°C SVC bath, 30 min 
7. Sonicate while in 80°C SVC bath, ~7 min 
8. Rinse in cleaner 80°C SVC bath 
9. 5 min DI rinse 
10. SRD (Spin Rinse Dry) 
Release Process 
27 HMDS spin Backside processing: 
4000 rpm @ 1000 rpm/s, 30 sec, air dry 
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28 AZ9260 spin Backside processing: 
1000 rpm @ 1000 rpm/s, 30 sec 
29 Softbake Oven, 92°C, 30 min 
30 Expose – Release mask Backside processing: 
MA6 in front-to-back alignment mode: 
multiple exposure (6 x 10 sec), contact mode 
31 Develop AZ9260 4. Immerse and agitate in AZ400K (1:4) DI, 
3:30 min 
5. 5 min DI rinse 
6. SRD (Spin Rinse Dry) 
32 Hardbake Oven, 110°C, 30 min 
33 Prepare handle wafer Using a blank silicon oxide (SiO2) SSP wafer: 
4. Place a cross of ~5mm wide kapton tape 
through wafer center from side to side, up 
and down 
5. Spin AZ9260 @ 3000 rpm, 20 sec 
6. Remove kapton tape so as to leave a cross of 
bare SiO2 
34 Handle wafer attach Attach device wafer on top of resist-coated face of 
handle wafer; align flats and have backside of 
device wafer facing up 
Place attached wafers in vacuum clamshell for 5 
min 
35 Softbake Hotplate, 95°C, 5 min 
36 Backside dry etch Etch backside of device wafer using Deep Reactive 
Ion Etching tool until etching through (~1000 
cycles; use SiO2 as contrast to know when to stop) 
Process pressure = 20 mTorr 
Etching gasses: SF6 (130 sccm), O2 (13 sccm) 
Etching power = 800 W 
Etch time per cycle = 8 sec 
Passivation gas: C4F8 (100 sccm) 
Passivation power = 600 W 
Passivation time per cycle = 5 sec 
37 Singulate devices 3. Soak processed wafer in acetone and agitate 
lightly to detach individual devices from 
handle wafer 
4. Rinse released devices with IPA and store in 
appropriate container in individual slots 
*Alternative Release Process 
27* 
Prepare for dicing 
3. Mount device wafer on UV tape attached to 
dicing ring frame while conditioning dicing 
blade 
	  	  
107	  
4. Program dicing machine to perform desired 
dicing pattern 
28* Dice Load device wafer for dicing, align for cutting and start cutting program 
29* 
Release 
3. Unload device wafer from dicing machine 
and set the ring frame to expose UV tape 
4. After exposing, peel singulated devices from 
UV tape and store in appropriate container 
with individual slots 
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